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Abstract 
Use less, lose less: Obtaining and maintaining an envrionmentally and 
agronomically sustainable farming system with phosphorus 
 
by 
Rosalind Dodd 
 
Long-term application of phosphorus (P) in excess of crop or pasture requirements has led to 
accumulation of P within many well developed agricultural soils. Due to the increased risk of P loss to 
surface waters from such soils and growing concerns over the security of future P supply, more 
sustainable farming systems are essential. This thesis aimed to investigate the effectiveness of three 
potential mitigation strategies to reduce P loss from P enriched pastoral soils. The simplest strategy 
would be to cease P fertiliser application until soil P concentrations decrease to an acceptable level. 
Standard soil test methods and isotope exchange kinetics were employed using soil samples from 
long-term fertiliser trials, spanning 7 – 26 years and four soil types, to determine the rate of decline 
in soil P over time. Both the agronomically and environmentally important pools of soil P showed 
exponential decline over time following a halt to P fertiliser application. The rate of decline in water 
extractable P (WEP), a proxy for dissolved reactive P (DRP) in surface runoff, was dependant on the 
initial Olsen P concentration and the P retention, a measure of anion storage capacity, while the rate 
of decline in Olsen P was found to be dependent on the initial WEP concentration. Using these 
relationships an equation was generated to determine the time it would take for the P concentration 
of a given soil to decrease to a target value, set at 0.02 mg P L-1 for WEP and 25 mg P kg-1 for Olsen P. 
Applying these equations it was calculated that it would take between 22 – 44 years to reach the 
environmental WEP target but only 0 – 7 years to reach the agronomic Olsen P target. This, 
combined with limited data available for one of the trial sites on the dry matter yield response, 
suggests that decreasing P loss from high P soils through withholding P fertiliser is slow and is likely 
to result in a reduction in pasture yields. Two further mitigation strategies aimed at decreasing P loss 
within an acceptable timeframe while maintaining productivity were investigated through two 
lysimeter trials.  
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The first trial investigated the effect of a re-introduction of conventional tillage during pasture 
renewal on subsurface P loss across four contrasting soil types. Tillage decreased the DRP load in 
leachate collected over the first five weeks of the trial across three of the four soil types by 30 – 70 % 
compared to the treatment simulating direct drill reseeding.  However, thereafter no effect was 
noted, possibly due to the reformation of macropores.  Over the 451 days of the trial WEP decreased 
by 28 – 43 % for the tilled soils but only 12 – 26 % for the direct drill soils. This study suggests that 
tillage is not an effective method to decrease subsurface P losses in the long-term but may be 
effective at decreasing P loss to surface runoff. The second trial investigated the implementation of a 
cut and carry system with the addition of nitrogen (N) fertiliser to boost plant growth and the 
phytoextraction of P across three soil types. For two of the soils N application increased pasture 
production and decreased the load of DRP leached by 53 – 76 % and the load of total dissolved P 
(TDP) by 39 – 53 % compared to when no N was applied. Furthermore, compared to the no P 
treatment, applying P at half the rate designed to maintain soil P concentration, decreased the load 
of DRP and TDP in leachate by a 62 – 68 % and 54 – 59 % respectively, due to immobilisation of P 
within the microbial biomass. A high sorption capacity, leading to slow release of P to the soil 
solution, was seen as the probable reason for the lack of treatment effect in the third soil.           
In conclusion decreasing soil P concentrations by cessation of P fertiliser is unlikely to reduce P loss 
within a reasonable timeframe and may negatively impact on pasture production.  However, if 
implemented in combination with tillage or enhanced phytoextraction of P through increased N 
application we have the potential to decrease P loss to surface waters and maintain a productive 
farming system. However consideration of the soil type and P loss pathway is essential when 
selecting the mitigation technique.   
 
Keywords: Phosphorus, water quality, mitigation, pasture, long-term fertiliser trials, soil test 
phosphorus, isotope exchange kinetics, tillage, phytoextraction, lysimeter trial, productivity  
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Chapter 1 
Introduction 
1.1 Background 
Phosphorus (P) is an essential element required for plant growth, however few un-amended soils 
release plant available P at rates which are sufficient to meet crop requirements. Consequentially, P 
is commonly applied to agricultural land to maintain soil fertility and improve crop yields. From as 
early as the 12th century P was applied to Chinese and Japanese soils as human excreta (Cordell et al. 
2009). In the late 19th century processed mineral fertilisers started to be applied to food crops with 
their use steadily increasing though the 20th century to current day, where P is applied to most 
agricultural soils in the developed world, either as inorganic P fertiliser or manure.  
When P is applied to the land the majority is either taken up by the crop or stored within the soil. A 
small proportion may be lost to water through surface run-off or subsurface leaching. Soil P can be 
classed into 3 pools, which make up the stylised agricultural P cycle shown in Figure 1.1. Soluble P is 
mostly comprised of orthophosphate ions, which can readily be taken up by plants, and makes up a 
very small proportion of soil P.  A fast reaction links P (either orthophosphate or organic-P 
compounds) to the surface of inorganic or organic compounds in the soil via sorption and 
precipitation reactions, predominantly with Fe or Al compounds in acidic and non-calcareous soils or 
Ca surfaces in alkaline and calcareous soils. Conversely this equilibrium is maintained by desorption, 
dissolution and mineralisation processes to replace soluble P lost via plant uptake or loss to water. 
Stable P, makes up the largest fraction of soil P and is comprised of P which is occluded in inorganic 
and organic compounds or tightly bound to insoluble compounds. Theoretically, the stable P pool is 
in quasi-equilibrium with the reactive pool. However, the reaction is very slow and the stable P form 
is commonly termed as fixed P. 
Due to the fixation of P within the stable pool the efficiency of P uptake by crops is low compared to 
other nutrients such as nitrogen or potassium. This coupled with the perception that P is relatively 
immobile in the soil profile has resulted in a tendency for P application rates to greatly exceed the 
requirements for crop growth (Haygarth & Jarvis 1999). Furthermore, manures, dung and many 
effluents (e.g. dairy shed effluent) have a narrower N:P ratio than is required by crops, which means, 
if applied on a nitrogen (N) supply basis, this results in a build-up of soil P (Sharpley et al. 1994; Smith 
et al. 1998). Numerous studies have shown that soil P concentrations increase over time when P 
inputs, either as mineral fertiliser or manure, exceed crop removal (McCollum 1991; Pote et al. 1996; 
Hooda et al. 2001; Zhang et al. 2004; Robertson & Nash 2008).  
Figure 1.1 Phosphorus cycling in agricultural soils 
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Figure 1.1 Phosphorus cycling in agricultural soils 
Once soil P concentrations exceed crop requirements there is no agronomic benefit to applying 
additional P. However, there is concern that enriched soil P concentrations within agricultural soils 
may result in increased P losses to water (Sharpley et al. 1994). While small losses of P from soil may 
have little agronomic effect they can be environmentally significant, being linked to the 
eutrophication of many streams, rivers and lakes (Carpenter et al. 1998). The eutrophication of lakes 
has been observed to be a stubborn problem, with many lakes in the U.S. remaining in eutrophic 
conditions long after P inputs to soils within the catchment have decreased. This has been attributed 
to the internal cycling of P rich sediments and/or to the continued loss of P in run-off from P rich soils 
(Carpenter 2005). In the same publication the author created a model to compare the roles of soil 
and sediment P in eutrophication. The model suggested that the slow release of P from P enriched 
agricultural soils may be more important than P rich lake sediments in maintaining eutrophic 
conditions for prolonged periods. This agrees with the findings of Reed-Andersen et al. (2000) which 
suggested that while internal P loading from the sediments in Lake Mendota is high, terrestrial soils 
contain the most P, that the P concentration in these soils takes longer to decrease and hence P 
enriched soils are likely to be the most important factor in resisting restoration efforts. Therefore 
enriched soil P concentrations as a result of over-fertilisation have been suggested to cause lag times 
of decades or more in water quality responses to best management practices (Meals et al. 2010). 
Considering the soil P cycle presented in Figure 1.1 it is easy to envisage the long residence time for P 
availability following soil P enrichment due to the continuum of P pools in equilibrium with each 
other that release P to the soil solution over time. Keatley et al. (2011) linked fossil diatoms to total 
phosphorus (TP) termed diatom-inferred TP (DI-TP) and determined the trend in trophic state of 24 
European and 43 American lakes over the length of the 20th century. European lakes showed 
P in fertiliser Crop uptake (removed 
from the system) 
P in solution 
(SOLUBLE P) 
Surface adsorbed P 
(REACTIVE P) 
FAST Occulded P and P in 
insoluble compounds 
(STABLE P) 
SLOW 
Surface run-off and 
subsurface leaching 
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increases in DI-TP over time with patterns consistent with the large increase in arable farming in 
1945. Furthermore, European lakes were on average more nutrient rich than those in North America 
reflecting the longer history of human influence and there was no evidence of decreases in DI-TP 
following reductions in nutrient inputs. The authors suggest that soil P accumulation as a result of 
past agricultural use provides a major P source in these catchments and caution that current 
intensification of agriculture could lead to impacts on water quality the legacy of which may persist 
for centuries to come. 
Running alongside the water quality issues there are increasing concerns over the future supply of 
mineral P fertilisers. There is considerable debate over the timescales involved in depletion of 
phosphate rock reserves with Cordell et al. (2009) estimating peak P production occurring in as little 
as 20 years while scenario analysis by Van Vuuren et al. (2010) showed little evidence of short or 
medium term depletion and, depending on the estimates of resource availability used, showed a 
decline in phosphate rock reserves of 10 – 15 % up to 40 – 45 % by 2100. Whether or not the risk of 
running out of phosphate rock is significant, phosphate rock is a non-renewable natural resource 
which should not be over-exploited. Furthermore, over 70 % of global phosphate market is supplied 
by just four countries, namely China, Morocco, the United States and Russia (Gilbert 2009) leaving 
the market susceptible to political instability and associated price fluctuations.  
1.1.1 Trends in New Zealand fertiliser use and water quality. 
New Zealand agriculture is dominated by pastoral systems. These pastoral grazing systems are 
predominantly grass swards grazed by farmed livestock, mainly cattle, sheep and deer. Traditionally 
grasslands receive much lower P fertiliser inputs than arable croplands. However, recent 
intensification of farming practices and the ever increasing conversion of sheep and beef farms to 
dairying has increased the application of P fertiliser in order to improve the fertility of low P soils and 
increase pasture production and quality. As a result phosphate fertiliser consumption increased by 
90% between 1990 and 2002 (FAO 2013).This value does not include manure or effluent inputs and 
the actual increase in P use may be much higher. In terms of soil P concentrations Wheeler et al. 
(2004) analysed soil fertility test data from over 200, 000 soil samples from dry stock (sheep and 
beef) and dairy farms across the North and South Islands of New Zealand covering the period from 
1988 to 2001. Olsen P concentrations were higher on the dairy farms compared to the sheep and 
beef farms, reflecting the higher soil fertility required producing high quality pasture, and a steady 
increase in Olsen P concentrations over time was observed. Furthermore, in the period between 
1997 and 2001 the proportion of samples with Olsen P concentrations in excess of the agronomic 
optimum ranged from 7 % to 20 % on sheep and beef farms and 30 % to 64 % on dairy farms 
depending on soil type leading to questions regarding the effect on water quality.  
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A recent report on water quality trends in 35 New Zealand rivers, spread across both the North and 
South Islands, showed increasing trends in both TP and dissolved P concentrations over a 19 year 
period between 1987 and 2007 (Ballantine & Davies-Colley 2010). In addition there was a strong 
correlation between the median TP and dissolved reactive P (DRP) in the rivers and the percentage of 
pastoral cover in the catchment highlighting the effect of agricultural intensification. However there 
was direct no link made between Olsen P concentrations and water quality.  
Clearly, considering combined issues of water quality and finite P reserves, more sustainable, P 
efficient, farming practices are required to feed the rapidly increasing global population and soil 
scientists face the difficult challenge of increasing agricultural production while decreasing the 
environmental footprint.  To begin to address these concerns the following research question has 
been formulated; what is the relationship between soil phosphorus concentrations in New Zealand 
pastoral soils and the potential for loss and how can this loss be decreased without compromising 
farm profitability and productivity? 
 
1.2 Predicting phosphorus loss 
To examine how the legacy of soil P enrichment will affect the magnitude of P loss from agricultural 
soils we need to consider the processes involved in the mobilisation of soil P and transport 
mechanisms which deliver P to the receiving water courses.  
1.2.1 Phosphorus transfer from soil to water 
P loss from soil to water occurs by the release of dissolved and particulate forms. The distinction is 
usually made by filtration, the most common pore size is 0.45 µm, below which P is operationally 
defined as dissolved. However, it should be remembered that small colloidal particles may be 
associated with this fraction (Haygarth & Sharpley 2000). This dissolved fraction can be further 
characterised into two forms, that which can be detected via molybdate colorimetry, termed 
dissolved reactive P (DRP) and that which does not react with molybdate termed dissolved 
unreactive P (DUP).  DRP is mainly composed of orthophosphate ions which are, completely available 
for plant or algae uptake. However, loosely bound inorganic and organic forms of P and colloidal 
associated P can also contribute to this fraction (Haygarth & Sharpley 2000). DUP is generally 
considered to be the dissolved organic P fraction but can also contain a contribution from condensed 
forms of inorganic P e.g. polyphosphates. Dissolved P (DP) comes from the dissolution, desorption 
and extraction of P from the solid soil phase or directly from crop residues and surface applied 
fertiliser or excreta. Recently surface applied P, in the form of fertilisers, manures or dung have been 
described as acute, short term temporary sources of P while soil P has been described as a chronic, 
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persistent source (Kleinman et al. 2011). DP can be transported to water either by surface-runoff or 
subsurface flow and particulate P (PP), which includes P sorbed to soil particles or organic matter, is 
lost through erosion during flow events. Furthermore, during transport additional sorption or 
desorption can take place within run-off (Sharpley et al. 1994). Increases in soil P concentrations 
have been shown to increase PP losses in surface run-off (Withers et al. 2009). However, while good 
management practices, such as erosion control can minimise the loss of sediment and therefore PP 
to runoff, it is much harder to control the release of DP (McDowell & Sharpley 2001). As such, the 
main focus of this research is the release of DP in surface run-off and subsurface flow.  
 Figure 1.2 shows a conceptual model of the P sources and transport mechanisms involved in P loss 
to surface waters.   
 
Figure 1.2 Conceptual model showing the potential sources (in boxes), and transport pathways (blue 
arrows) involved in phosphorus loss to surface waters from grazed pastures. Adapted from McDowell 
et al. 2004)  
Surface run-off occurs following precipitation either by infiltration excess overland flow, where the 
rate of precipitation is greater than the infiltration capacity of the soil or by saturation excess 
overland flow, where the water holding capacity of the soil has been exceeded. During run-off the 
rainfall interacts with a thin surface layer of soil 1 - 5 cm deep depending on rainfall intensity and 
slope (Sharpley 1985), termed the effective depth of interaction (EDI), and P can be mobilised from 
the soil through desorption and dissolution processes. Low intensity, high frequency rainfall events 
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tend to transport P through saturation excess surface run-off while high intensity, low frequency 
events tend to transport P via infiltration excess run-off. Following fertilisation P can accumulate in 
the surface soil leading to stratification of P down the soil profile (Sharpley et al. 1994; Sims et al. 
1998) thereby increasing the risk of P loss to surface run-off.  Due to the perceived high affinity of soil 
to sorb P, vertical movement of P through the soil as subsurface flow was not considered to be 
significant and surface run-off was historically considered to be the main mechanism for the release 
of DP to a catchment’s surface waters (Ryden et al. 1974). More recently it has been accepted that 
sub-surface losses can contribute small, but environmentally significant concentrations of DP, 
especially if the soils P sorption capacity has been decreased due to large fertiliser inputs over a long 
period or if preferential flow paths are present. Studies by Heckrath et al. (1995) and McDowell & 
Sharpley (2001) showed that when soil P concentrations in the surface soil exceeded a certain 
threshold (sometimes referred to as a change point) increased concentrations of DRP were present 
in subsurface drainage. The importance of preferential flow paths in subsurface leaching losses was 
highlighted by field trials carried out by Gächter et al. (1998) and Turner & Haygarth (2000) who 
found increased DRP concentrations in the leachate of soils containing macropores and artificial 
drainage. Subsequently following a review of the literature investigating P transfer by subsurface 
leaching Simard et al. (2000) hypothesised that if high soil P concentrations are coincident with 
preferential flow paths, either as artificial drainage or natural macropores, permanent grasslands can 
export large amounts of P to surface waters via subsurface pathways.  
1.2.2 Relating soil P concentrations to P loss  
Agronomic testing of soils is common practice. Phosphorus concentrations from these tests, usually 
termed soil test phosphorus (STP), relate to the amount of plant available P within the soil. A number 
of different extraction methods have been developed to determine STP based on the chemical 
properties of the soils in a particular region and the test’s ability to predict the yield response to P 
fertiliser application. In New Zealand the most common method is the Olsen P test (Olsen et al. 
1954). The method was developed to predict crop response in calcareous soils but has also been 
shown to be effective on acid soils, common in New Zealand. The Olsen P test uses sodium 
bicarbonate and promotes P dissolution through precipitation of CaCO3 releasing Ca-phosphates and 
releases dissolved and adsorbed P on Al- and Fe-oxides. 
Given its prevalence and low cost, much work has been carried out to try and relate STP to the 
amount of P which could be released and lost to water. Various studies have shown both linear and 
curvilinear relationships between STP and DRP in surface run-off and subsurface flow (Hanway & 
Laflen 1974; Pote et al. 1996; McDowell & Sharpley 2003; Butler & Coale 2005). However, the 
relationship between STP and DRP is not straight-forward. The extraction methods used to generate 
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STP concentrations may remove some of the mineral and /or sorbed P that might not be involved in 
controlling P loss to surface run-off or subsurface flow. Sharpley et al. (1996) suggested that the use 
of water or a salt solution with a similar ionic strength of that of the soil solution may be more 
appropriate to assess the potential release of P in run-off. Subsequently, McDowell & Sharpley 
(2001) proposed that a deionised water and calcium chloride (CaCl2) extract of soils could estimate P 
loss to surface run-off or subsurface flow respectively and numerous studies have shown that DRP is 
significantly correlated to CaCl2 extractable P (CaCl2-P) and water extractable P (WEP) (Hesketh & 
Brookes 2000; Maguire & Sims 2000; McDowell & Condron 2004; Koopmans et al. 2006). Conversely, 
Brock et al. (2007) found no significant relationship between CaCl2-P and DRP in the leachate of 21 
soil cores with a wide range of surface STP concentrations. The authors suggested that the dissolved 
P was immobilised in the deeper soil layers with increased P sorption capacity. Similarly, Djodjic et al. 
(2004)Djodjic et al. (2004) found no correlation between Olsen P, ammonium lactate extractable P, 
or P sorption indices and DRP or TP in leachate collected from five soil cores over three years. Djodjic 
et al. (2004) suggested that hydrology, especially the presence of preferential pathways, had more 
control over P loss than surface STP concentrations. These studies suggest that the relationship 
between DRP in leachate and CaCl2-P is more complicated than first thought.      
Release of soil P to water is governed by the soil P quantity-intensity relationship (Q/I) and the 
kinetics of P desorption (McDowell & Sharpley 2001), where Q relates to the quantity of phosphorus 
within the soil, i.e. the STP, and I relates to the P available for loss to surface run-off or subsurface 
flow. The relationship between DRP in surface run-off and STP has been found to depend on soil type 
(Sharpley 1995) and the same is true for WEP and CaCl2-P with STP (McDowell & Sharpley 2001; 
Koopmans et al. 2006). This has been attributed to the different buffering capacities of a soil caused 
by pH and different concentrations of clay, carbonates, iron and aluminium oxides and organic 
matter content. Torbert et al. (2002) investigated the relationship between STP and run-off losses of 
DRP for two calcareous soils and two non-calcareous soils. The two calcareous soils were found to 
have much lower concentrations of DRP in run-off than the two non-calcareous soils at similar STP 
concentrations, due to the precipitation of Ca-P. The concentration of iron and aluminium oxides 
(Feox and Alox) within non-calcareous soils can also affect the concentration of DRP in run-off. In a 
study by Schroeder et al. (2004) the relationship between DRP in run-off and STP varied within the 
same soil series as a function of the Feox and Alox ratio. This suggests that soils with a greater Feox to 
Alox ratio may release greater amounts of DRP to run-off than soils with a lower Feox to Alox ratio at a 
similar STP concentration, potentially due to reduction-oxidation reactions. As outlined in section 
1.2.1, studies by Heckrath et al. (1995) and McDowell & Sharpley (2001) showed that when soil P 
concentration within the surface soil exceeded a certain threshold (sometimes termed a change 
point), increased concentrations of DRP were present in the sub-surface drainage. However, the 
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change point is not uniform across different sites and is likely to depend on soil properties as 
discussed above.  
One method to account for the differences in soil properties is to calculate the degree of P sorption 
saturation (DPSS) as shown in Eq. 1.1. (Sharpley 1995)  
                        
                  
                             
       [Equation 1.1]                              
 
The P sorption maximum of the soil is calculated by constructing P sorption isotherms. The soil is 
shaken with various additions of phosphorus (as KH2PO4 or NaH2PO4) in a soil solution surrogate, 
commonly 0.01 M CaCl2. The amount of P sorbed to the soil is the difference between the amount of 
P initially added and the amount of P in solution after 24 hrs. shaking. The sorption maximum of the 
soils is determined as the reciprocal of the slope from a plot of [P24 hrs.]/ [Padded] vs. [Padded] (Nair et al. 
1984). Sharpley (1995) found that while the relationship between DRP in run-off and STP 
concentration varied for 10 different soils, 90 % of the variability could be accounted for by the P 
sorption saturation and a single relationship could be obtained between DRP and DPSS in the 10 
soils. However the production of sorption isotherms is more complex than standard soil test methods 
and it is difficult to obtain reliable estimates of P sorption maxima. As such information is not readily 
available for many soils, limiting the application of the approach.  
A second factor which has a large influence on the rate of P desorption is the soil-to-solution ratio 
used in the extraction (Sharpley 1995). A short (30 minute) extraction with 0.01 M CaCl2-P in a 1:5 
soil-to-solution ratio was designed by Schofield (1995) to simulate the correct ionic strength for soil 
solution in near neutral pH and calcareous soils and has been widely adopted to estimate P loss to 
subsurface flow. However, a wide range of soil-to-solution ratios have been used to determine WEP 
ranging from 1:2 to 1:300 (Pote et al. 1996; Self-Davies et al. 2000; McDowell & Condron 2004; 
Koopmans et al. 2006). For surface run-off, a wide soil-to-solution ratio best simulates the contact 
time between the water and soil (compared to the narrower soil-to-solution ratio used for CaCl2-P 
due to the increased residence time involved in subsurface flow). McDowell & Condron (2004) 
proposed a soil-to-solution ratio of 1:300 for WEP extraction considering the decreased contact time 
and a P enrichment factor to account for the selective erosion of P rich fine particulates in run-off. A 
validation experiment showed that DRP concentrations in run-off generated during simulated rainfall 
with a wide range of New Zealand soil types were closely correlated to WEP extracted at 1:300 and 
45 minutes of end-on-end shaking (r2 = 0.92 P < 0.001). Consequently, for New Zealand soils, WEP 
extracted this way can be considered to be a direct estimate of the potential DRP loss to surface run-
off.  Furthermore, the authors used this data to determine a universal equation to explain the 
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relationship between DRP in surface run-off or sub-surface flow and the quotient of Olsen-P and P 
retention. Olsen-P and P retention are commonly measured for many New Zealand agricultural soils, 
and as such these equations could be used to estimate P loss from many soils. However, the data 
have only been validated for sub-surface P loss from the top 30 cm soil layer and under one rainfall 
regime. In addition the relationship is only applicable for pasture soils which have not been recently 
grazed and requires an additional equation to determine the P losses likely from dung.       
Raven & Hossner (1993) evaluated P desorption quantity intensity relationships for a range of P 
enriched soils and suggested that the capacity of a P-amended soil to release P depended on the 
desorbability of the native soil P, which could be viewed as stable P, as well as the added, or reactive, 
P. As such, soils with naturally high desorbable P content but relatively low anthropogenic inputs may 
release a similar amount or more P than soils with high intensity of P input but low native P 
concentration. Interestingly Zhang et al. (2004)showed that excessive P applications to soils of 
intensive dairy farms was rapidly stored as labile or reactive forms, but more slowly as stable forms. 
The fast reactions that take place between reactive and soluble P means that the potential for loss to 
surface waters during, and for the medium-term after, over-fertilisation remains high. However, little 
is known about how these reactive and stable pools may change or be manipulated by management 
to decrease P losses. Further studies are required to characterise the legacy that agricultural P 
enrichment has on stable and reactive pools and how this relates to P loss and to assess the 
effectiveness of different mitigation strategies.   
 
1.3 Potential mitigation strategies for P enriched soils 
If soil P concentrations are considered to be sufficiently enriched that they pose a risk to water 
quality mitigation strategies may be required. In many developed countries farmers receive 
government subsidies which impose strict environmental requirements and may provide financial 
incentives for farmers to implement specific mitigation strategies. While agriculture is a major part of 
the New Zealand economy there are no agricultural subsidies. Therefore, in order for mitigation 
strategies to be widely adopted they must be easily implemented, of low cost and have little negative 
impact on farm productivity or improve farm efficiency leading to improved productivity. 
The simplest management strategy for P enriched soils is to halt application of fertiliser until soil P 
concentrations decrease to a target concentration which is unlikely to negatively impact on water 
quality. Comparison of the relationships between pasture production or CaCl2-P concentration and 
STP highlights the rational of current recommendations of not exceeding agronomic optimums for 
STP. Figure 1.3 clearly shows that there is little benefit in terms of production obtained from Olsen P 
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concentrations in excess of the agronomic optimum but large risks in terms of the potential for P 
loss. Halting P applications has short-term benefit of decreasing fertiliser costs and recent cost-
benefit analysis of mitigation strategies on New Zealand and Australian dairy farms indicated that 
maintaining an optimum STP concentration was highly cost effective (McDowell & Nash 2012). 
However we need to consider if there is a medium to long-term penalty in production (O’Conner et 
al.  1990).  
For this strategy to be effective appropriate target soil P concentrations need to be set. Reducing soil 
P concentrations to the agronomic optimum may not be sufficient to protect water quality in all 
cases McDowell et al. 2003b). While some forms of dissolved organic P (DOP) have been shown to be 
available for uptake by some algae via the release of phosphatase enzymes (Whitton et al. 1991), 
DRP is generally considered to be immediately and completely available and is considered to be the 
main phosphorus form contributing to eutrophication. The Australian and New Zealand Environment 
Conservation Council (ANZECC) guidelines suggest trigger values for DRP in upland and lowland New 
Zealand rivers of 9 and 10 µg P L-1 respectively (ANZECC 2000). This trigger value represents a 
concentration below which there is a low risk of adverse biological effects and could be used to 
relate WEP concentration within a soil to the potential risk of adverse water quality effects. As such, 
soils containing WEP concentrations above 0.01 mg P L-1 could be considered to pose an increased 
risk to water quality. However, this figure might be overly conservative as it assumes that the ratio of 
WEP to export DRP is 1:1, and its adoption as a soil P target may bring the STP concentration down to 
a level where productivity is compromised. Further work is required to determine a workable soil P 
target for different soil types and farming systems. 
 
 
 
    (Figure removed, subject to copyright) 
 
 
 
Figure 1.3 Relationship between pasture production and Olsen P (agronomic optimum shown by the 
green up arrow) and CaCl2-P and Olsen P (change point shown by the red down arrow). Figure taken 
from McDowell (2012), data from plots receiving different rates of superphosphate in a trial in 
Canterbury, New Zealand (McDowell & Condron 2012). 
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1.3.1 Decline in soil P concentrations following cessation of fertiliser inputs 
In order to assess the potential of withholding P fertilisers as a method to reduce soil P 
concentrations we need to consider the rate of decline. McCollum (1991) was the first to show the 
large residual effects of P fertiliser application. Soil P concentrations in the form of Mechlich-1 
extracted P (M1-P) were monitored during 8 years of active build up and 26 years of decline and it 
took over 17 years for the MP-1 concentration to decrease from 99 g P m-3 to within the agronomic 
optimum range of 20 – 25 g P m-3 and over 14 years for a soil with an initial MP1 of 56 g P m-3 to 
reach this level. However, this study was based on an arable system where regular cropping 
increases the export of P from the soil compared to grazed pastures where the majority of P taken up 
by the grass is returned to the paddock in excreta and detritus.   
A number of long-term fertilisation trials have been carried out on New Zealand pastures mainly 
aimed at assessing the effect of withholding P fertiliser on production. Table 1.1 presents a summary 
of these trials. A wide range of response in Olsen P concentration was observed across the trials. 
Both Gillingham et al. (1990) and Lambert et al. (1990) found that the initial soil P status affects the 
STP response with significant reductions in Olsen P on plots with high initial concentrations. 
Conversely,  Roberts & Thomson (1988) measured no significant change in Olsen P concentration 
following six years of withholding P fertilisers despite the wide range in Olsen P concentrations from 
low to high (16 – 60 mg P L-1). 
In terms of production Gillingham et al. (1990), Lambert et al.  (1990) and McBride et al. (1990) all 
found that withholding P fertiliser could result in a decrease in production and this occurred in as 
little as two years in the case of O’Connor et al. (1990) (Table 1.1). McBride et al. (1990) suggested 
that the legacy effect of residual P depends on the rate and length of fertiliser application and as 
such should be related to the initial STP concentration of the soil prior to cessation of P fertiliser 
which was low for the trials of Lambert et al. (1990) and O’Connor et al. (1990). I also contend that 
soil type is a major driving factor and these trials were conducted on soils rich in allophanes 
(Gillingham et al. 1990; O’Connor et al. 1990), an upland soil in a medium to high rainfall 
environment (Lambert et al. 1990) and a soil with relatively poor water holding capacity that requires 
irrigation (McBride et al. 1990). Due to the perceived negative effect on production in the farm 
community reinforced by these trials, there may be some resistance to halting fertiliser application 
entirely and in cases where productivity reduction is a concern implementing a half maintenance P 
fertiliser application may still lead to a decrease the soil P concentration. 
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Table 1.1 Summary of long term fertiliser trials monitoring the effect of withholding P fertiliser application on STP concentration and production 
Trial 
reference 
Location, soil type 
and land use 
Trial outline Initial Olsen P 
concentration 
(mg P L
-1
) 
Effect of withholding superphosphate (SP) 
fertiliser on STP concentration 
Effect of withholding SP fertiliser on productivity 
Roberts & 
Thomson 
(1988) 
Taranaki,             
Allophanic soil, 
dairy pasture.  
Trial 1: Monitored pasture and STP 
response over 5 yrs. withholding P on 
paddocks with varying soil P status. 
Trial 2: Monitored milk solids and STP 
response over 1 season withholding P 
with similar soil P status. 
    
Trial 1: range 
16 – 60 
 
 
Trial 2: 
average 29 
No significant reduction in Olsen-P 
concentration was found during either of 
the trials. 
No significant effect on pasture or milk solid production 
on either trial  
Gillingham 
et al. (1990) 
Waikato,                         
Allophanic and 
Ultic soils,  sheep 
farm 
Monitored pasture and STP response 
over 4 yrs. withholding P on plots 
previously fertilised with 10, 20, 30, 
50 and 100 kg SP/ha/yr. 
9 – 45 
depending on 
P rate 
Halting SP application on plots previously 
receiving 50 or 100 kg SP/ha/yr. caused a 
40% and 55% reduction in Olsen-P 
concentration within the surface 0 – 3 cm 
of soil. Little effect was observed for plots 
previously receiving 10 – 30 kg SP/ha/yr. 
 
The decline in DM production was dependant on the 
initial SP application rate. Where only 10 kg SP/ha/yr. 
were previously applied a 3% reduction in yield was 
observed c.f. 10% for plots previously receiving 100 kg 
SP/ha/yr.  
 
O’Conner et 
al. (1990) 
Waikato, Brown 
and Recent soils 
with a thin veneer 
of volcanic ash, 
sheep farm 
 
Monitored pasture, animal 
production and STP response over 6 
yrs. withholding or reducing P 
application.  
14 Average Olsen concentration did not 
reduce until 4 years after a halt to P 
application. However only average data 
was reported and the data was highly 
variable. 
Halting P fertiliser to pasture which had received 250 kg 
SP/ha/yr. for 10 years resulted in a 10 – 20% decrease in 
animal and pasture production after 2 years and a 20 – 
30% reduction in years 3 and 4.  
 
Lambert et 
al. (1990) 
Manawatu-
Wanganui, N.Z. 
Brown and Pallic 
soils, sheep farm 
  
Monitored pasture, animal 
productivity and STP response over 6 
yrs. withholding P on farmlets 
previously receiving high (HF) or low 
(LF) SP applications 
 
11 (HF) 
 
5 (LF) 
No significant reduction in STP 
concentration was found on the LF site 
while the average on the HF site declined 
from 11 to 7 mg/kg over the 6 yrs. 
A cumulative reduction in pasture production of 12 and 
32% for the LF and HF sites and a 10 – 29% reduction in 
animal productivity at both sites over the 6 yrs. 
McBride et 
al. (1990) 
Canterbury, N.Z. 
Pallic, Orthic 
Brown soil, sheep 
farm 
Monitored pasture response to 
withholding P fertiliser for 4 – 6 yrs. 
on plots previously fertilised with 376 
or 564 kg SP/ha/yr. for 6 yrs. 
(denoted 376a, 564a) and 118 or 376 
kg SP/ha/yr. for 25 yrs. (denoted 
118b, 376b) 
Not reported. Not monitored. 376a showed a 15 and 31% reduction in yield 1 and 2 
years after withholding P, while 564a only showed a 
significant reduction in the second year. 118b showed a 
10, 31 and 36% reduction in yield after 1,2 and 6 years of 
withholding P, while 376b did not exhibit a decline in the 
first year and yield only reduced by 28% by year 6. 
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Studies of P enriched soils where fertiliser application has been halted indicate that the decline of 
STP over time is exponential (McCollum 1991; Dodd & Mallarino 2005; Ma et al. 2009), but how does 
this impact on P loss to water? Sharpley (1981) proposed Eq. 1.2 to describe the desorption of P from 
soil to water. 
           
            [Equation 1.2] 
where Pd is the amount of P desorbed to water, Po is the initial amount of available P (i.e. STP), W is 
the water-to-soil ratio, t is the time and K, α and β are constants. However, while the decline in STP 
concentrations can be measured on an annual basis, the loss of P from land to water is subject to 
kinetics of desorption that occur over minutes or hours during a surface run-off or sub-surface flow 
event. A large number of kinetic studies on P desorption have been carried out in the laboratory by 
shaking soils in an extractant for a certain length of time. Similar to the exponential decline in STP, 
these studies support the idea of 2 desorption reactions, one fast and one slow occurring 
simultaneously giving rise to an exponential decline curve during an event (Sharpley et al. 1981; 
Lookman et al. 1995; He & Zhu 1998). Lookman et al. (1995) and McDowell & Sharpley (2003) 
proposed that the fast release of P is likely to relate to the P adsorbed to surface adsorption sites in 
contact with the aqueous phase, soluble P salts from recent excreta (e.g. manure) or fertiliser 
application, and possibly P complexed with organic matter. The slow release was related to less 
soluble P forms and slow diffusion of P from the interior of sequioxide aggregates. As discussed 
earlier, soil properties affect the sorption of P to soil. Therefore it is logical to assume that they will 
have a similar effect on the kinetics of P desorption, but the question remains; how is this affected by 
soil P decline? The long lag times observed for a decrease in STP in P enriched soils may be a result of 
the large pool of P controlled by dissolution and diffusion kinetics. Unfortunately, the studies listed 
above examined a range of STP concentrations that were not measured as a result of STP decline. As 
such this sort of study is subject to site by site or short-term variation in management, seasonality, 
microbial activity or P inputs (He & Zhu 1998). The study of P desorption kinetics for a system in STP 
decline remains a gap in the literature.  
Following characterisation of the rate of decline a limited number of studies have tried to develop an 
equation to predict this decrease in soil P. Ma et al. (2009) related the rate of decline to the initial 
Olsen P concentration but found that the model was only accurate for the initial stages of the decline 
while Olsen P was high. Furthermore, the study was carried out on one soil type negating soil factor 
effects and limiting the application of the model. Schulte et al. (2010) studied eight different Irish 
grassland soils under a cut and carry system over four years of withholding P fertilisers where 
herbage was harvested four times annually. The variation in slope of STP decline was found to be 
dependent on the P balance, calculated from the initial STP concentration and P off-take in herbage, 
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and while the rate of decline was faster for the limestone derived soils the authors could not explain 
the variation by examining soil properties. This apparent lack of soil property effect appears to 
contradict the findings from many laboratory based studies. Following on from this study Wall et al. 
(2013) modelled the decline in soil P on two grassland soils cut for silage twice a year and two arable 
soils with the aim of determining the timeframe required for soils with STP concentrations 
categorised as excessive (P index 4) to decline to concentrations considered to be agronomically 
optimum (P index3). Like Schulte et al. (2010) the rate of decline in soil P was dependant on the P 
balance. Soil type had little effect on the mineral soils however the peat soils showed a significant 
difference. However, the mineral soils were thought to have similar P sorption capacities and the 
authors suggested that soil P fixation needs to be considered in models across distinctly different soil 
types. Using the proposed model it was predicted that it would take on average 5 – 20 years of 
cropping for soils classed at P index 4 to reach P index 3. While the P balance was integral to 
predicting the rate of decline in soil P in this study, on grazed grassland soils, in contrast to those in a 
cut and carry system, the P balance is likely to be close to zero. To my knowledge there has been no 
attempt to predict the rate of decline in soil P following cessation of P fertilisers to grazed grasslands. 
I contend that for grazed pastures the rate of decline will be slower than that observed by Ma et al. 
(2009), Schulte et al. (2010) and Wall et al. (2013) and will be dependent on the initial STP 
concentration and the soil properties. Furthermore, while there has been some investigation into the 
rate of decline in STP concentrations, these studies have not considered the decline in WEP and 
CaCl2-P which would be more applicable to assessing the risk of P loss to surface run-off and 
subsurface flow.  
 
1.4 Treatments to accelerate the decline in soil P concentrations 
While a decrease in STP concentration by withholding P fertiliser application appears to be possible 
the research reviewed in section 1.3.1 suggests that such processes may take a long time. Schärer et 
al. (2007) found that withholding P fertilisers did not significantly change the WEP concentrations or 
DRP in run-off from simulated rainfall in grassland soils over  a two year period and concluded that 
long-term P enrichment of soils due to over-fertilisation can only be remediated in the short term by 
technological treatments, for instance the addition of soil amendments. However, while the addition 
of soil amendments have the potential to reduce P loss from P enriched soils (Buda et al. 2012) the 
cost of such amendments is high, for example McDowell & Nash (2012) calculated that the 
application of alum to a New Zealand dairy pasture would cost between 110 to > 400 NZ$ per kg P 
conserved and as such would be cost-prohibitive in a non-subsidised farming infrastructure. 
Therefore, I contend that simple management and farm system changes can be just as effective, far 
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cheaper and therefore would be better adopted. Proposed management changes are (i) the re-
introduction of conventional tillage during reseeding of pasture and (ii) implementation of a cut and 
carry system for silage production with increased N addition to boost plant production.   
The concept that the majority of P losses come from a minority of the catchment’s area (Pionke et al. 
2000), termed critical source areas, has been widely adopted. For the most cost-effective 
management the proposed mitigation strategies should be targeted to CSAs (McDowell & Nash 
2012), i.e. paddocks with a high soil P concentration and a high risk of P loss.  
1.4.1 Tillage 
Tillage and reseeding is part of the normal rotation cycle of pastoral soils to maintain or improve 
pasture yield and quality or to prepare a seed bed for winter forage crops. However, in recent years 
there has been a growing trend towards the implementation of conservation tillage methods 
including zero tillage systems, such as direct drilling of grass seeds. In 2008, according to the Food 
and Agriculture Organization (FAO) of the United Nations, roughly 25 % of all cropland, including 
pasture, forage and arable crops were under no till systems (Derpsch & Friedrich 2008).  
The main driver towards ‘Conservation tillage’ is the reduction of soil erosion (Logan et al. 1991). In 
addition there is a financial incentive of reducing labour and machinery costs. However, long term P 
fertilisation in the absence of tillage, can result in accumulation of P in the surface soil and P 
stratification through the soil profile (Sharpley et al. 1994; Sharpley & Smith 1994; Sims et al. 1998). 
Considering that during surface run-off rain only interacts with the top soil layers (EDI is 1 – 5 mm), 
enrichment of surface soils increases the risk of P loss via this pathway. Furthermore, conservation 
tillage favours the formation of connected macropores (Shipitalo et al. 2000) increasing the 
possibility of connection between high P concentrations in the soil surface and preferential flow 
paths increasing the risk of subsurface P loss.  
Sharpley (2003) demonstrated that the mixing of the high P surface soils and low P subsoils, which 
had received long term manure applications, decreased Mehlich-3 P concentration by 66 – 90% and 
increased the P sorption capacity of the soil. I suggest that the adoption of conventional tillage 
practices is a potential low cost strategy to quickly decrease STP concentration in the surface layers 
of P rich soils thereby reducing the risk of P loss. Although tillage has been shown to decrease DRP 
loss to surface run-off (Gaynor & Findlay 1995; Sharpley 2003; Butler & Haygarth 2007) studies 
investigating the effect on subsurface drainage are few. Djodjic et al. (2002) hypothesised that soil 
mixing by tillage would disrupt preferential flow paths within a soil and force leachate to move 
through the soil as matrix flow and thereby reduce P leaching as P in solution is exposed to more 
low-P, therefore P-sorptive, subsoil. Contrary to this hypothesis Djodjic et al. (2002) found no 
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significant difference in leachate from lysimeters where tillage had been simulated and lysimeters 
containing intact soil cores. This observation was attributed to the re-formation of macropores or 
ponded conditions forcing water to move via matrix flow regardless of treatment. However, large 
applications of P fertiliser (100 kg P ha-1 yr-1) were applied to the soil surface on two occasions over a 
three year period. This is clearly very different to a system where little or no fertiliser is used. Other 
studies have focused on the effect of incorporating manure through cultivation rather than surface 
application (Geohring et al.  2001; Djodjic et al. 2002; Kleinman et al. 2009) but to my knowledge 
there has been no investigation on the effect of tillage on subsurface P leaching in combination with 
a halt to P fertiliser application.   
While tillage has been shown to decrease DRP loss to surface runoff particulate P (PP) must also be 
taken into account. Conservation tillage is known to decrease erosion and therefore will potentially 
decrease PP losses and total P export. Interestingly, reducing the soil P concentration in the surface 
soil layers may reduce the PP enrichment ratio and Gaynor & Findlay (1995) found that while 
particulate losses were decreased by conservation tillage PP losses were 1.4 times greater for zero-
till soils compared to conventional tillage. Erosion potential is highest on sloping ground and soils 
with poor structure and the possible increases in sediment and PP loss must be carefully considered 
prior to implementing conventional tillage methods on such pastures. Care must also be taken to 
time tillage operations to minimise the likelihood of coinciding with large precipitation events.  Bulter 
& Haygarth (2007) investigated the effect of tillage practices as part of the pasture reseeding 
process, comparing conventional ploughing methods to direct drill. A large rainfall event immediately 
following ploughing resulted in extremely high sediment and PP loads at the start of the experiment. 
As part of the same experiment a soil box and rainfall simulation study demonstrated that during 
light intensity rainfall total P and DRP export was significantly higher from soils simulating no-till 
systems. Following high intensity rainfall total P export was greater from soils simulating tillage, 
despite a decrease in DRP. This highlights the potentially high contribution of PP to TP export during 
heavy rainstorms, particularly prior to sward establishment. 
Other potential implications of conventional tillage relate to the increased mineralisation of organic 
matter. Ploughing of permanent pasture has been shown to reduce the concentration of microbial 
biomass carbon, N and P in the top 0 – 5 cm of soil (Aslam et al. 1999) indicating mineralisation has 
taken place. Mineralisation of organic N following conventional tillage has the potential to increase 
nitrate leaching. Whitmore et al. (1992) suggested that the ploughing of large areas of pasture for 
cultivation in Great Brittan during World War II resulted in large increases nitrate leaching and that 
the effect would have persisted for many years. Such increases in nitrate leaching may reduce the 
utility of this strategy in nitrate vulnerable zones. Compared to N there has been relatively little 
investigation of the potential increases in P loss as a result of organic P mineralisation. Studies have 
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shown increased concentrations of organic P (Bravo et al. 2006; Vu et al. 2009; Wang et al. 2011)and 
increased phosphatase activity Mina et al. 2008; Wang et al. 2011) in the surface soil of no-till soils. 
This suggests that soil disturbance by ploughing will increase P loss. Addiscott & Thomas (2000) 
reviewed a number of studies looking at the organic P content of soils and found a 33 – 80 % 
decrease in organic P concentration in cultivated soils compared to virgin soils with the magnitude of 
loss following cultivation showing variation with soil type. However this was not related to P loss to 
surface runoff or subsurface flow and increased erosion losses as a result of cultivation could have 
contributed to the difference rather than mineralisation of organic P. McDowell & Monhagan (2002) 
simulated cultivation in a lysimeter                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
study by inverting and breaking up a number of soil cores. Organic P concentration of the cultivated 
soil after a year was similar to that in the undisturbed cores and the main finding of the study was 
that dissolved organic P (DOP) accounted for a large proportion of the P loss from both cultivated 
and uncultivated soils. With growing recognition that some DOP compounds can be available to algae 
(Whitton et al. 1991) and that soil type affects the magnitude DOP loss (Turner & Haygarth 2000) 
further investigation is required.  
1.4.2 Increased nitrogen application within a cut and carry system 
In mixed grass/clover pastures plant growth is generally N limited and this will be especially true for 
soils enriched in P. It follows that increased inputs of N to an agricultural system will increase crop 
production leading to increased plant uptake of P. This should decrease soil P concentrations as long 
as there is substantially more taken off via the plant biomass than inputs by P fertiliser i.e. the P 
balance is negative (van der Zee et al. 1992). Perring et al. (2008) created a model to predict the 
likely response of soil P to increased additions of N. The model predicted that an increase in plant 
growth, due to increased N inputs, would decrease plant available P in agreement with a second, 
later model (Perring et al. 2009) which suggested that short term N fertilisation decreases soil 
fertiliser P residues as long as the system is N limited.  
Experimentally, Koopmans et al. (2004b) found that CaCl2-P (1:10 soil to solution ratio) and WEP (1:2 
soil to solution ratio) decreased dramatically, by roughly 90 % and 80 % respectively, in greenhouse 
pot experiments where grass was grown on a P enriched soil with N fertiliser additions and regular 
cropping over 978 days. However, these experiments were carried out in pots containing only 5 to 10 
cm of soil potentially restrictive to root growth and root P uptake. Furthermore, pots were kept at an 
optimum temperature for grass growth and artificial light was provided in the winter months. The 
authors acknowledge that these conditions are not reflective of those in the field and require further 
testing. van der Salm et al. (2009) aimed to address this issue using grassland field plots where 
pasture was regularly cut and removed and found that halting P fertiliser application for 5 years 
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reduced orthophosphate concentration in the soil solution by between 30 and 90% depending on the 
soil type. Both of these trials were carried out with only one rate of N application and no control, i.e. 
zero N application, was included to determine if N application significantly increased P uptake 
compared to cropping of pasture alone. 
From an agronomic standpoint, Newman et al. (2009) studied the effect of a range of N inputs (0 – 
101 kg N ha-1 harvest-1) to a warm season perennial grass in Florida U.S. on plant productivity and P 
uptake over a 2 year period with 5 – 6 harvests a year. They found a linear increase in DM yield and a 
quadratic increase in P removal with increasing N application rate. Assessment of orthophosphate 
concentrations in the soil solution from shallow wells installed to a depth of 0.6 m suggested that 
more P was leached down the soil profile in control plots without N addition than those receiving N 
fertiliser.  
Modelling and the experimental trials discussed show the potential for applying N fertiliser in a cut 
and carry system as an environmentally and possibly economically viable strategy to decrease high 
soil P concentrations with the added benefit of increased production. However, to my knowledge 
there has been no direct measurement of P loss to either surface run-off or subsurface flow following 
the implementation of this strategy. Furthermore, plant uptake of P has been shown to depend on 
plant species and soil type (Chen et al. 2003; Pant et al. 2004; Scott & Condron 2005) and this 
strategy needs to be assessed for applicability to New Zealand soil types and pasture species.  
As discussed in section 1.3.1 there may be some resistance within the farming community to a 
complete cessation of P fertiliser inputs and a reduction to half maintenance level may be more 
widely accepted. Therefore, the effect of increased N addition in combination with a low rate of P 
fertiliser needs to be examined.  
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1.5 Objectives and thesis stucture 
The review of the literature shows that the long-term application of fertilisers and animal excreta in 
excess of crop requirements has led to a build-up of P within many agricultural soils, including those 
in New Zealand, and highlights the increased risk of P loss to both surface run-off and subsurface 
flow from these soils. If these chronic sources of P are not addressed it is likely that they will hamper 
efforts to reduce P inputs to surface waters. Coupled with the need to conserve a finite resource we 
clearly need more environmentally and agronomically sustainable, P-efficient farming practices. 
This thesis aims to tackle this challenge and propose potential strategies to mitigate against P loss 
from enriched agricultural soils under the mantra “use-less, lose less”, referring to both the scarcity 
of P resources and the environmental impact. 
The overall hypothesis of this work is that an environmentally and agronomically sustainable farming 
system, with regards to P, can be obtained and maintained by simple changes to farm management, 
such as decreasing STP concentration, re-introduction of tillage during pasture reseeding or 
implementing a cut and carry system with increased application of nitrogen. 
These three strategies have been reviewed and a number of gaps in the literature have been 
identified.   
The simplest approach to decrease soil P concentrations is to halt the application of P allowing plant 
uptake to decrease the P concentration within the soil. The literature suggests that the decline in soil 
P is slow and follows an exponential trend. The rate of decline in soil P has been related to the initial 
STP concentration, the P balance and soil properties. However, the majority of this work has been 
carried out on arable soils or grasslands under a cut and carry system where there is a negative P 
balance. In grazed pastures the P balance is likely to be close to zero, with P inputs matching P off-
take, and there has been no characterisation of the decline in soil P concentrations under these 
conditions. Furthermore, the past studies have focused on the response of STP concentration to 
cessation of fertiliser and there has been no investigation into the response in the environmental 
indicators, WEP or CaCl2-P which would provide a better indication of the risk of P loss to surface 
waters. From both a land management and environmental perspective it would be useful to be able 
to predict from easily measureable soil properties how long it will take for a P enriched soil to decline 
to a P concentration where it is unlikely to impair surface water quality (indicated by WEP or CaCl2-P) 
or farm profitability (indicated by Olsen P) . In terms of the kinetics of P release from soil, while there 
has been a large amount of research within the laboratory setting this has not been expanded to 
field soils where STP concentrations are in decline and work is required to define how the kinetics of 
the reactive and stable pools of soil P may vary with this decline.  
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The first part of this thesis will address these gaps in the literature to get a good understanding of the 
response of pasture soils to a cessation of P fertiliser application and the following objectives were 
set; 
Objective 1: To determine how the reactive and stable P pools respond over time to a halt in P 
fertiliser applications in a range of soil types. 
Objective 2: To generate an equation to predict the amount of time required for a P enriched soil to 
reach an environmental and agronomic target.  
To meet these two objectives soils from four long-term New Zealand fertiliser trials were sourced. 
One of the most valuable aspects of these trials is their duration, which ranged from 7 years 
following a halt to P fertilisers at Ballantrae Research Station to 26 years at Whatawhata Research 
Centre with soil samples taken at a minimum of yearly intervals. This is much longer than the 3 – 4 
years commonly used for studies elsewhere (e.g. Schulte et al. 2010; Schärer et al. 2007), considering 
that the decline in soil P concentrations has been shown to be exponential a long study duration is 
essential to accurately characterise the rate of decline.   
These soils will be subjected to two experiments making up Chapters 2 and 3 of the thesis. The first 
experiment (Chapter 2) examined the change in Olsen P, WEP and CaCl2-P over time following a halt 
to P fertilisers. In the second experiment (Chapter 3) isotope exchange kinetics (IEK) were used to 
measure the rate of transfer between inorganic P associated with the solid soil phase and inorganic P 
within the soil solution and therefore characterise the kinetics of P release from the stable and 
reactive pools. Results from both of these experiments were combined with soil properties to predict 
the timescales for soils from each trial to reach a target agronomic and environmental optimum. 
The literature review indicates that the rate of decline in soil P following cessation of P fertilisers is 
likely to be slow and may have detrimental impacts on production. Therefore, additional strategies 
may be required. The literature suggests that tillage is an effective method to decrease both soil P 
concentrations within the topsoil and DRP loss to surface run-off. However, the effect on subsurface 
P losses is unclear. Furthermore, tillage has been shown to increase organic matter mineralisation 
and the effect on both nitrate and DOP leaching needs to be assessed. Applying a cut and carry 
system and increasing off-take of P in pasture with increased applications of nitrogen appears to 
have the potential to reduce P loss without impacting on profitability. However, there has been no 
direct measurement of P loss to either surface run-off or subsurface flow and again the effect of 
applying additional N on nitrate leaching and DOP loss needs to be assed. As there may be some 
resistance to completely halting P fertiliser application the effect of applying a low rate of P fertiliser, 
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e.g. half maintenance application, in combination with N also needs to be assessed. Finally, the effect 
of soil type needs to be investigated for both these strategies.  
The second part of the thesis assesses these two potential mitigation strategies across a range of 
New Zealand soil types under following objectives; 
Objective 3: To determine if the re-introduction of conventional tillage, as part of the pasture 
regrassing program, can decrease subsurface P loss including DOP without increasing N leaching. 
Objective 4: To determine if the application of N with regular cutting and removal of the biomass can 
decrease subsurface P loss including DOP without increasing N leaching and increase dry matter 
yield.  
Objective 5: To determine if the application of a half maintenance P application in combination with 
application of N and cutting and removal of the biomass can reduce subsurface P loss to the same 
extent as N application with zero P addition. 
Two lysimeter trials were set up to meet these objectives. For the tillage trial (Chapter 4) soil cores 
from the four most prevalent soil orders under grazed pastures, namely Allophanic, Brown, Pallic and 
Pumice Soils, were taken and either subjected to soil mixing to simulate tillage or left intact to 
simulate direct drilling of grass seed. The trial ran for 455 days and the results from this experiment 
were used to meet objective 3. For the N addition study soil cores from three soils, Allophanic, Brown 
and Pumice Orders, were taken. Three rates of N fertiliser, zero, 150 and 300 kg N ha-1 yr-1 and two 
rates of P fertiliser, zero and half maintenance were applied in a factorial design. The N fertiliser 
application rates were chosen to reflect the N application rate applied to the low input, low stocking 
rate system on Lincoln University Dairy farm (150 kg N ha-1 yr-1) and a high N application at twice this 
rate (i.e. 300 kg N-1 yr-1) but still below the 400 kg N ha-1 yr-1 which has been above which increased N 
leaching has been demonstrated (Ledgard et al., 1996).  The trial ran for 451 days and the results 
from this experiment were used to meet objectives 4 and 5. Ideally a Pallic soil would have been 
included in this trial however due to the large number of treatments this was not feasible and the 
soil classes were chosen to reflect the largest differences in properties.    
Figure 1.4 provides an overview of the structure of the thesis and demonstrates how the individual 
experiments address the overall hypothesis.  
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Chapter 2: Predicting the 
changes in environmentally 
and agronomically 
significant phosphorus 
forms following the 
cessation of phosphorus 
fertiliser to grassland  
Chapter 3: Changes in soil 
phosphorus availability and the 
potential for phosphorus loss 
following cessation of 
phosphorus fertiliser: An IEK 
study 
Chapter 4: Is tillage an 
effective method to decrease 
phosphorus loss from 
phosphorus enriched pastoral 
soils? 
Chapter 5: Can manipulation of 
nitrogen and phosphorus fertiliser 
regimes decrease phosphorus loss 
from phosphorus enriched pastoral 
soils under a cut and carry system? 
Objective 3: To 
determine if tillage can 
decrease subsurface P 
loss without increasing 
N leaching. 
Objective 4: To 
determine if the 
application of N in a 
cut and carry system 
can decrease 
subsurface P loss 
without increasing N 
leaching. 
Objective 2: To generate an 
equation to predict the 
amount of time required for a 
P enriched soil to reach an 
environmental and agronomic 
target 
Objective 5: To 
determine if a half 
maintenance 
application of P in 
combination with N 
fertiliser can decrease 
P loss to a similar 
extent as N fertiliser 
alone. 
  Objective 1: To determine 
how the reactive and stable 
P pool respond over time to 
a halt in P fertiliser 
application.  
Hypothesis: An environmentally and agronomically sustainable farming system, with regards to P, can be obtained and maintained by simple changes in 
farm management, such as decreasing STP concentration through halting P fertiliser applications, tillage and increased additions of nitrogen. Effectively the 
adoption of the “use less, lose less” mantra.  
Part 1: Soil analysis Part 2: Lysimeter trials 
Chapter 6: Conclusions and future research priorities 
Figure 1.4 Overview of thesis structure 
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Chapter 2 
Predicting the changes in environmentally and agronomically 
significant phosphorus forms following the cessation of phosphorus 
fertiliser applications to grasslands. 
2.1 Introduction 
Withholding P fertiliser until the potential for P loss decreases to an environmentally acceptable 
standard was identified during the literature review as a potential mitigation strategy for P enriched 
soils. However, this can be a risky strategy for a number of reasons. New Zealand does not have 
environmental or production subsidies. Hence, in order to be widely adopted, halting P applications 
would only be considered if such an action did not impair farm profitability (O’Connor et al. 1990). 
Furthermore, there are question marks over the rate of decline in STP concentrations and the 
potential for P loss (Dodd & Mallarino 2005; Ma et al. 2009; Schulte et al. 2010). The rate of STP 
decline has been shown to vary widely, while numerous studies have also shown that the 
relationship between the potential for P loss and STP concentration varies according to soil type, land 
use, and runoff pathway (McDowell & Sharpley 2001). Clarity in which factors are important to STP 
decline, and the potential for P loss, is required from both a land and environmental management 
perspective if we are to successfully predict how long it will take for a P enriched soil to decline to a 
concentration that is unlikely to impair surface water quality or farm profitability.      
Factors that influence the rate of P decline have been shown to include soil mineralogy, farm 
management (e.g. outputs), and initial STP concentration, but results have been inconclusive due to 
a mix of field and laboratory studies and data sets that span only a few years. For instance, 
laboratory based studies of desorption kinetics at different  STP concentrations have shown that soil 
mineralogy, in particular the concentration of Al- and Fe-oxides, affect the rate of P release (Sharpley 
1983; Lookman et al. 1995; Smet et al.  1998; McDowell & Sharpley 2003). However, while Herlihy et 
al. (2004) found that the rate of STP decline over 4 years was greater in limestone than in non-
limestone grassland soils, Schulte et al. (2010) couldn’t relate this STP decline to variation in soil 
properties. In analysing soils sampled from hill and lowland sheep-grazed pastures in New Zealand, 
Gillingham et al. (1990) and McBride et al. (1990) found that the decline was quicker for soils with 
greater STP concentrations. However, Ma et al. (2009) and Dodd & Mallarino (2005) found that STP 
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decline in Chinese and U.S. arable soils appeared to be exponential with time suggesting two 
desorption reactions of P, one fast and one slow, occurring simultaneously. Hence, the examination 
of only 4-6 years of decline by Gillingham et al. (1990) and McBride et al. (1990) may have coincided 
with the decline in STP concentration attributed to the depletion of the fast-desorbable pool and 
might overestimate the rate of decline. Clearly, a long-term dataset is required to conclude whether 
or not an environmentally acceptable P loss will be obtained in a reasonable time frame. In addition 
to the necessity to study long-term datasets, I hypothesize that a decline in STP concentration may 
not necessarily translate into a decrease in the potential for P loss to water and examination of the 
decline in the environmental soil P fractions, i.e. WEP and CaCl2-P, is more appropriate.  
Four long term field trials were initially established on New Zealand pastures to investigate the effect 
of halting fertiliser inputs on farm productivity, but can now also be used to examine the potential 
for P loss to surface run-off, estimated by WEP, and subsurface flow, estimated by CaCl2-P. The trials 
spanned 7-26 years following a halt to P fertiliser applications and included contrasting soil types and 
a range of initial STP concentrations. Some pasture dry matter (DM) yield data were also available, 
thereby providing a unique opportunity to relate the estimated decrease in P losses to the effect on 
productivity.  
Under the hypothesis that WEP and CaCl2-P is a function of STP concentration and soil mineralogy, I 
aimed to: 
1. investigate the decline in the concentration of agronomic (Olsen P) and environmental (WEP 
and CaCl2-P) soil tests in the four long-term trials;  
2. derive an equation to predict the decline in Olsen P, WEP and CaCl2-P concentration from 
readily measured soil parameters; and 
3. examine the relationship between the relative change in agronomic or environmental tests 
and DM yield. 
 
2.2 Materials and methods 
2.2.1 Study sites 
Archived samples of air-dry, sieved (< 2 mm) surface soil (0 – 75 mm depth) were sourced from long-
term fertiliser trials at 4 sites across New Zealand that were located on different soil types and had 
contrasting histories of fertiliser inputs. Two of these trials were located on North Island hill country 
sheep grazed pastures at Ballantrae Research Station, located roughly 30 km East of Palmerston 
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North, and Whatawhata Research Centre, located roughly 20 km West of Hamilton. The remaining 
two trials were in the South Island. One was located on irrigated sheep grazed pasture at Winchmore 
Research Centre, 16 km North west of Ashburton, while the final trial was an ungrazed plot trial 
located at Lincoln University. This trial was established to investigate the inputs of grassland 
management on above and below ground soil properties. Table 2.1 summarises the history of each 
trial and Fig. 2.1 shows the location of each trial.   
 
Figure 2.1 Map showing the location of each of the long-term fertiliser trials used during this study 
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2.2.2 Soil analysis 
Olsen-P, water extractable P (WEP) and calcium chloride extractable P (CaCl2-P) were determined for 
each soil sample. Olsen P was extracted with 0.5 M NaHCO3 in a 1:20 soil-to-solution ratio with 30 
minutes end on end shaking according to Olsen et al. (1954) and WEP was extracted with deionised 
water using a soil to solution ratio of 1:300 and 45 minutes of end on end shaking (McDowell & 
Condron 2004). For the measurement of CaCl2-P, a 1:5 soil to 0.01 M CaCl2 solution ratio and 30 
minutes end on end shaking is normally used (McDowell & Sharpley 2001). However, a limited 
amount of soil was available for some of the trials, therefore preliminary data from a lysimeter trial 
were used to determine an appropriate soil to extractant ratio for CaCl2-P analysis. This trial 
comprised of 112 shallow lysimeters (16 cm diameter, 22 cm deep) and was set up to investigate the 
effect of tillage practices and increased nitrogen additions to pasture on P losses to subsurface 
drainage discussed in the second part of this thesis. It included 4 different soils types, a Horotiu silt 
loam (Typic Orthic Allophanic Soil), a Waikiwi silt loam (Typic Firm Brown Soil), a Warepa silt loam 
(Mottled Fragic Pallic Soil) and a Taupo sandy loam (Immature Orthic Pumice Soil). Soil samples of 
each soil type, taken at the time of the lysimeter collection, were analysed for CaCl2-P using 5 
different soil to extractant ratios, 1:5, 1:10, 1:20, 1:50 and 1:100. The results were compared to the 
DRP found in the lysimeter leachate after the first rainfall event. The data showed a good 
relationship between DRP in lysimeter leachate and CaCl2-P extracted at 1:5 (r
2
adj = 0.79 P < 0.001), 
1:10 (r2adj = 0.61 P < 0.001) and 1:20 (r
2
adj = 0.65 P < 0.001) soil to extractant ratios, but not at ratios 
of 1:50 or 1:100. As such, to decrease the amount of soil required, but still extract a pool of P likely to 
estimate DRP in leachate, a soil to solution ratio of 1:20 was adopted. 
After shaking, extracts were filtered through GFA filter paper and the P concentration measured 
colorimetrically using the molybdate method of Watanbe & Olsen (1965)(Limit of detection = 0.001 
mg P L-1). During archiving, pH was determined in water (1:2.5 soil-to-solution ratio) and total organic 
C (TOC) was determined by loss on ignition. Due to the limited quantity of sample available these 
measurements were not repeated and the recorded measurement was used. Phosphorus retention, 
or anion storage capacity (% P removed from solution after equilibrating with a soil P saturating 
solution) is widely used in New Zealand in soil classification and for providing agronomic advice. As P 
retention is documented for all New Zealand soils, and it has been shown to be closely related to the 
P sorption index (r2 = 0.905 P < 0.001)(McDowell & Condron 2004), this soil property was included in 
my investigation of soil P decline. Phosphorus retention was determined for separate plots from each 
trial in triplicate from 3 bulked sampling dates following the procedure of Saunders (1965). Soil 
samples were equilibrated by shaking soil for 16 hours end-over-end with the P retention solution at 
a 1:5 soil to solution ratio containing 1 mg P ml-1 and buffered at pH 4.6. Samples were centrifuged 
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and the P remaining in the supernatant determined colorimetrically via reaction with nitric 
vanadomolybdate acid (Kitson & Mellon 1944). 
2.2.3 Statistical Analysis 
Soil chemical properties, including Olsen P, WEP, CaCl2-P, pH and TOC, from the last year of SP 
application were tested for normality before being subjected to ANOVA, fitting terms for the 
different trials and treatments (i.e. rate of superphosphate or mowing). Where used, specific 
comparisons are made with the least significant difference at P < 0.05 (LSD05). 
Additional analysis included a correlation analysis between soil P parameters and a regression 
analysis fitting the change in Olsen P, WEP and CaCl2-P concentrations of each replicate plot over 
time to Eq. 2.1. 
                   [Equation 2.1] 
where t represents time (in years) since the treatments were imposed and α and β are constants that 
correspond to the initial Olsen P, WEP or CaCl2-P concentration, and the rate of concentration 
decrease over time. Data for this regression are only presented if significant (P < 0.05). An additional 
ANOVA was conducted for β from each replicate plot to investigate the significance of any 
differences between trial sites at P < 0.05. All analyses were carried out using the statistical package 
GenStat (GenStat13 2010).  
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Table 2.1. Summary details of the long-term fertiliser trials, including soil type and management history, utilised during this study 
Site location Soil type (New Zealand soil 
classification (Hewitt, 
2010)) 
Clay content
3
 Management Previous fertiliser 
rate (kg P ha
-1
 yr
-1
) 
– added as SP 
Years since 
P fertiliser 
halted 
Number of 
replicate 
plots 
Mean 
Annual 
rainfall 
(mm yr
-1
) 
Reference 
Winchmore Lismore Stony Silt Loam 
(Pallic Firm Brown Soil) 
15 – 25 % Irrigated sheep 
grazed pasture with 
different P fertiliser 
inputs 
 
34 
51 
21 4 per 
treatment 
700 plus 500 
mm yr
-1
 
irrigation 
 McBride et al. 
(1990) 
Ballantrae Ngamoko Silt Loam 
(Mottled Argillic Pallic Soil) 
&  Mangamahu Steepland 
soil (Orthic Brown Soil) 
 
No data 
 
20 – 25 % 
 
Sheep grazed 
pasture with 
different P fertiliser 
inputs. 
14 
50 
7 2 per 
treatment 
1200  Lambert et al. 
(1990) 
Whatawhata
1 
Naike (Typic Oxidic 
Granular Soil) 
25 – 35 % 
 
Sheep grazed 
pasture with 
different P fertiliser 
inputs. 
 
10 
50 
100 
26 2 per 
treatment 
1600 Gillingham et 
al. (1990) 
Lincoln
2 
Wakanui Silt Loam (Mottled 
Immature Pallic Soil) 
15 – 30 % Ungrazed pasture 
field trial. 
0 P 
0 P & 50 kg N ha
-1
 
yr
-1 
16 4 per 
treatment 
650 Simpson et al. 
(2012) 
1
 Between 1985 and 1988 soil samples were taken at 0 – 30, 30 – 70 and 70 – 120 mm. Analysis of both 0 – 30 and 30 – 70 mm depths were conducted and results were 
adjusted for bulk density and combined to obtain a concentration corresponding to the samples taken at 0 – 75 mm depth.  NB: While this treatment provides the best 
estimation of soil P concentrations in the 0 – 75 mm depth some additional error may be introduced due to the P buffering capacity of the soil.  
2
 The field trial was established to investigate the impacts of grassland management on above- and below-ground properties. Pasture was sown in a mixture of ryegrass 
and clover and was not grazed during the trial. The plots analysed were regularly mown and the clipping were removed. There were no P inputs during the trial, half of the 
plots received zero N addition while the other half received 50 kg N ha
-1
 yr
-1
.   
3 
Literature values (Landcare-Research 2011) 
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2.3 Results and discussion 
Initial soil chemical data for each of the trials are provided in Table 2.2. Olsen P concentration 
ranged from 20 mg kg-1 at Winchmore on plots previously receiving 14 kg P ha-1 yr-1 to 53 mg kg-1 at 
Whatawhata on plots previously receiving 100 kg P ha-1 yr-1. Soil pH ranged from 4.5 to 6.6 across all 
sites. Significant differences were noted in mean Olsen P concentration between trials and between 
treatments at Ballantrae and Whatawhata, but not at Winchmore or at Lincoln. Some differences 
were also noted between trials and treatments for WEP, CaCl2-P and pH, whereas P retention was 
similar for Lincoln and Winchmore, greater at Ballantrae and greatest at Whatawhata (Table 2.2).  
 
Table 2.2 Mean soil chemical properties for the last year of superphosphate application of each trial. 
The least significant difference at the P < 0.05 level of significance is given for the comparison of trial 
and treatment means and for the interaction of trial and treatment terms. 
Trial Treatment Olsen P 
(mg kg
-1
) 
WEP  
(mg L
-1
) 
CaCl2-P 
(mg L
-1
) 
pH P retention 
(%) 
TOC  
(g kg
-1
) 
Winchmore 34 kg P ha
-1 
yr
-1 
23 0.069 0.052 6.1 21 32.2 
 51 kg P ha
-1 
yr
-1
 29 0.068 0.067 6.1 21 31.2 
Ballantrae 14 kg P ha
-1 
yr
-1
 26 0.039 0.052 5.0 50 59.6 
 50 kg P ha
-1 
yr
-1
 39 0.054 0.101 5.3 30 60.2 
Whatawhata 10 kg P ha
-1 
yr
-1
 29 0.043 0.045 5.1 55 79.3 
 50 kg P ha
-1 
yr
-1
 28 0.050 0.042 5.3 58 86.8 
 100 kg P ha
-1 
yr
-1
 51 0.048 0.075 5.2 71 101.5 
Lincoln Nil 37 0.135 0.076 5.8 18 32.4 
 50 kg N ha
-1 
yr
-1
 42 0.145 0.083 5.8 22 32.2 
 
LSD05-trial  
 
9* 0.015*** 0.033
ns 
 0.2*** 11*** 1.2*** 
LSD05-treatment 10*** 0.023*** 0.050
ns 
0.1*** 17*** 2.0*** 
LSD05-trial × treatment   12*** 0.032*** 0.061
ns
 0.1*** 18*** 2.6
ns
 
ns, not significant; 
*
significant at P < 0.05; 
**
significant at P < 0.01; 
***
 significant at P < 0.001 
 
  
 30 
2.3.1 Changes in soil phosphorus concentrations following a halt to P fertiliser 
application 
Significant exponential declines in soil P were seen at all sites and can be described by Eq. 2.1. At 
Winchmore, Olsen-P showed a significant decrease when all 21 years of data were examined (Fig. 
2.1, Table 2.3). However, WEP showed a significant decrease in the first 12 years, after which, a 
gradual increase was observed between 1972 and 1977, before appearing to decrease again in the 
final years of the trial. This trend coincided with a lime application of 4.4 t ha-1 in 1972 and an 
immediate increase in pH from 5.9 to around 6.6, followed by a gradual decline. The application of 
lime is known to increase the solubility of soil P due to its effect on cation solubility. Furthermore, 
liming has been shown to stimulate the mineralisation of soil organic matter through an increase in 
microbial activity potentially releasing P associated with organic compounds (Haynes 1984).  
However, there was a lag time between the application of lime and the peak in WEP concentration. 
Considering the phase diagram for P species in soil solution, the abundance of orthophosphate ions 
increases with soil pH to a maximum between pH 5.7 and 6.0 and decreases thereafter (Lindsay 
1979). When lime was applied at Winchmore in 1973, pH increased to 6.6 (Fig. 2.1) which is well 
above the optimum solubility for orthophosphate ions explaining why only a small increase in WEP 
concentration was detected. With time, soil pH decreased and approached the optimum range for 
orthophosphate solubility, thereby increasing WEP concentration. This suggests that the influence of 
organic P release was small compared to the increase in cation solubility. 
At Ballantrae, only WEP concentration showed a significant decrease. This occurred in both 
treatments examined (Fig. 2.2, Table 2.3). In contrast, at Whatawhata a significant decrease in Olsen 
P and CaCl2-P concentration occurred over 26 years for treatments previously receiving 10, 50 and 
100 kg P ha-1 yr-1, while a significant decline in WEP concentration was only evident for plots 
previously receiving 50 and 100 kg P ha-1 yr-1 (Fig. 2.3, Table 2.3). At Lincoln a significant decrease in 
Olsen P and WEP was seen in the nil and 50 kg N ha-1 yr-1 treatments (Fig. 2.4, Table 2.3).  
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Figure 2.2 Variation in soil pH, Olsen P, WEP and CaCl2-P concentration with time since P fertiliser 
applications stopped at Winchmore. Error bars represent the standard error of the mean. Soil 
samples from each replicate plot were not available at all sampling dates. Where no error bars are 
presented only one soil samples from each treatment was available. Only significant fits to Eq. 2.1 
are shown 
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Figure 2.3 Variation in soil pH, Olsen P, WEP and CaCl2-P concentration with time since P fertiliser 
applications stopped at Ballantrae. Error bars represent the standard error of the mean. Soil samples 
from each replicate plot were not available at all sampling dates. Where no error bars are presented 
only one soil samples from each treatment was available. Only significant fits to Eq. 2.1 are shown. 
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Figure 2.4 Variation in soil pH, Olsen P, WEP and CaCl2-P concentration with time since P fertiliser 
applications stopped at Whatawhata. Error bars represent the standard error of the mean. Soil 
samples from each replicate plot were not available at all sampling dates. Where no error bars are 
presented only one soil samples from each treatment was available. Only significant fits to Eq. 2.1 
are shown. 
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Figure 2.5 Variation in soil pH, Olsen P, WEP and CaCl2-P concentration with time since P fertiliser 
applications stopped at Lincoln. Error bars represent the standard error of the mean. Soil samples 
from each replicate plot were not available at all sampling dates. Where no error bars are presented 
only one soil samples from each treatment was available. Only significant fits to Eq. 2.1 are shown.
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Table 2.3 Parameter fits for the regression of Olsen P, WEP and CaCl2-P concentration with time since fertiliser was withheld 
Trial Treatment --------------- Olsen P --------------- --------------- WEP --------------- --------------- CaCl2-P --------------- 
  
P value Adj. r2 α β P value adj. r2 α β P value Adj. r2 α β 
Winchmore 34 kg P ha-1 yr-1 <0.001 0.118 21.198 -0.007 <0.001 0.450 0.064 -0.053 1.000 ns ns ns 
 
51 kg P ha-1 yr-1 <0.001 0.209 25.810 -0.013 <0.001 0.437 0.070 -0.058 0.661 ns ns ns 
Ballantrae 14 kg P ha-1 yr-1 0.472 ns ns ns 0.002 0.526 0.054 -0.148 0.424 ns ns ns 
 
50 kg P ha-1 yr-1 0.648 ns ns ns 0.013 0.433 0.048 -0.221 1.000 ns ns ns 
Whatawhata 10 kg P ha-1 yr-1 0.015 0.094 33.390 -0.007 0.087 N.S. N.S. N.S. <0.001 0.282 0.069 -0.030 
 
50 kg P ha-1 yr-1 <0.001 0.221 33.658 -0.016 0.005 0.138 0.047 -0.017 <0.001 0.327 0.070 -0.026 
 
100 kg P ha-1 yr-1 <0.001 0.307 51.852 -0.018 <0.001 0.426 0.049 -0.021 <0.001 0.343 0.080 -0.037 
Lincoln Nil <0.001 0.566 36.884 -0.035 <0.001 0.747 0.132 -0.070 0.127 ns ns ns 
 
50 kg N ha-1 yr-1 <0.001 0.604 37.764 -0.038 <0.001 0.845 0.135 -0.067 0.0334 0.195 0.078 -0.036 
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From this analysis, CaCl2-P appeared to show the least sensitivity to the cessation of P fertiliser 
applications. One explanation for this observation is the potentially different forms of soil P at the 
different sites and their solubility in the different extractants. In acid soils, P is commonly stored as 
Al and Fe-phosphates while in alkaline-calcareous soils Ca-phosphates dominate (Lindsay 1979). 
However, heavily fertilised and limed soils have also been shown to contain significant amounts of 
Ca-phosphates (Delgado &Torrent 2000). McDowell et al. (2002) demonstrated through the use of 
solid-state NMR spectroscopy that water preferentially extracted Ca-phosphates from soils, while 
0.01M CaCl2 preferentially extracted Al-phosphates. In a later study of the soils from the long-term 
Park Grass experiment at Rothamsted in the UK, McDowell et al. (2003a) showed that as pH 
increases, more P is bound as Ca-phosphates, and that above a pH of 5.8 the solubility of P is 
controlled by Ca-phosphates rather than Al-phosphates. The soils at Winchmore all had a pH above 
5.8, while those at Lincoln ranged from 5.3 - 6.2. This suggests that the Winchmore soils potentially 
contained significant amounts of Ca-phosphates whose release may be suppressed during extraction 
with CaCl2-P. In contrast, the pH range at Lincoln appeared to be more suited to the use of 0.01M 
CaCl2 as an extractant may explain the significant variation in CaCl2-P at this site over time (Fig. 2.4).  
At Whatawhata the soil pH remained below 5.8 in all treatments suggesting that little P is likely to be 
stored as Ca-phosphates and, as a result, CaCl2-P concentration decreased over time. Although this 
work suggests that the potential for P loss in surface runoff and sub-surface flow, as estimated by 
WEP and CaCl2-P, varies according to soil type or site conditions, further work on soil P-forms is 
required to confirm this theory. 
2.3.2 Effect of soil properties on rate of decline (the β value).  
The value of β describing the decrease in P concentrations over time varied from -0.007 for Olsen P 
in the 34 kg P ha-1 yr-1 treatment at Winchmore to -0.221 for WEP in the 50 kg P ha-1 yr-1 treatment at 
Ballantrae (Table 2.3). On average, among significant fits, the magnitude of β, and therefore rate of 
decline, was greater for WEP (-0.081) concentration than either CaCl2-P (-0.032) or Olsen P (-0.019) 
concentration. A one way ANOVA analysis showed that the β value for Olsen P was significantly 
greater (P < 0.05) for the soils at Lincoln than the soils at Winchmore or Whatawhata, while the β 
value for WEP was found to be significantly different between all the sites (P < 0.05) in the following 
order  Ballantrae > Lincoln > Winchmore > Whatawhata. 
A correlation analysis was conducted to determine which soil parameters would best predict the 
rate of change in agronomically or environmentally significant P fractions (e.g. Olsen P, WEP and 
CaCl2-P; Table 2.4). Data from Ballantrae was excluded from any further analysis due to the short 
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duration of the trial (i.e. 7 years compared to 16-26 years at the other sites), along with the limited 
replication and high standard error for soil P across the site (Fig. 2.3).  
There was insufficient TOC data for a valid correlation and therefore TOC was not included in the 
analysis.  The value of β for the decline in Olsen P concentration over time was correlated to the 
initial Olsen P and WEP concentration. For WEP decline, significant correlations occurred with the 
initial WEP concentration, P retention and pH, while for CaCl2-P, the only significant correlation was 
with initial CaCl2-P concentration (Table 2.4). The strength of the correlation between β values for 
Olsen P decline was greatest with the initial WEP concentration while for WEP decline it was greatest 
when P retention was included as a quotient - Olsen Pi/P retention. McDowell & Condron (2004) 
used this quotient to estimate DRP concentration in sub-surface and surface runoff as it described 
the degree of P saturation while removing the soil specific, and often curvilinear, relationship 
between WEP or CaCl2-P and STP concentration.  
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Table 2.4 Matrix of correlation coefficients between initial P concentrations the β value, the quotient of Olsen P (OP) and P retention (PR) and pH. Note that 
the analysis was conducted on the relevant parameters generated for the individual replicate plots except for pH where the mean values for each 
treatment were analysed.   
Parameter Initial Olsen P 
(mg P kg-1) 
Initial WEP       
(mg P L-1) 
Initial CaCl2-P 
(mg P L-1) 
β value 
Olsen P 
β value 
WEP 
β value 
CaCl2-P 
PR (%) OPi/PR pH 
Initial Olsen P (mg kg-1) 1         
Initial WEP (mg P L-1) 0.15* 1        
Initial CaCl2-P (mg P L
-1) 0.20* ns 1       
β value Olsen P 0.41*** 0.78*** ns 1      
β value WEP ns 0.56*** ns 0.16* 1     
β value CaCl2-P ns ns 0.43* ns Ns 1    
PR (%) ns 0.30** ns ns 0.65*** ns 1   
OPi/PR ns 0.72*** ns 0.50*** 0.79*** ns 0.65*** 1  
pH ns ns ns ns 0.59* ns 0.81*** ns 1 
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2.3.3 Predicting soil phosphorus decline 
One of the main objectives of this study was to derive an equation to predict, from easily measured 
soil parameters, the decline in environmentally and agronomically relevant P fractions.  As the 
decline in CaCl2-P concentration over time was only significant at Whatawhata and one treatment at 
Lincoln, the equation was derived for WEP and Olsen P only. 
Substituting the initial WEP concentration (WEPi) for α, and regarding β as the mean decline in WEP 
concentration with time since P fertiliser was halted, Eq. 2.1 can be rearranged to give the time it 
will take for WEP to reach a target concentration - WEPt (Eq. 2.2). 
                                 [Equation 2.2] 
 
A stepwise regression indicated that 79% of the variation in β values can be described by the 
quotient of initial Olsen P concentration (OPi) divided by P retention (PR) (Eq. 2.3) (Table 2.4). 
         
   
  
            [Equation 2.3] 
WEP concentration determined at  1:300 water to solution ratio has been shown to be a good 
estimate of DRP concentration in overland flow (McDowell & Condron, 2004). As a useful reference, 
equations 2.2 and 2.3 were combined and WEPt set to 0.01 mg L
-1, the ANZECC (2000) guideline for 
DRP concentration to indicate an increased likelihood of adverse effects in slightly disturbed lowland 
rivers. Equation 2.4 was then used to estimate how long it would take for WEPt to equal 0.01 mg P L
-
1: 
                                                  [Equation 2.4] 
Using the data in Tables 2.2 and 2.3 it would take approximately 34-40 years for the soils at 
Winchmore and Lincoln to reach 0.01 mg P L-1, 46-78 years for the soils at Whatawhata and 46-60 
years for the soil at Ballantrae. However, a target WEP concentration of 0.01 mg L-1 pertains to the 
concentration in lowland rivers and does not consider potential dilution of runoff by low-P sub-
surface flow or groundwater before reaching the receiving watercourse. McDowell et al. (2003b) 
estimated the dilution of DRP in overland flow as proportional to the percentage of stormflow 
contributing to total annual runoff. Using historical data from 1978 to present, stormflow was found 
to represent 53 ± 5 % of total runoff. Assuming that sub-surface and groundwater-P was very low 
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McDowell et al. (2003b) set the limit for DRP in overland flow to 0.02 mg L-1. The time each soil takes 
to reach this revised target WEP concentration decreases to 22 – 30 years for the soils at Winchmore 
and Lincoln, 25 – 44 years for the Whatawhata soils and 26 – 30 years for the soil at Ballantrae. 
Clearly, if a receiving water body is responsive to P inputs (i.e. P-limited), even at the revised target 
WEP concentration, there will be a considerable lag-time between halting P fertiliser application and 
improved water quality. 
There is some variation in the time taken for soils of similar initial WEP concentrations to reach the 
target concentration (Fig. 2.5). The soils at Whatawhata and Ballantrae are predicted to take up to 2 
times longer to reach the target WEP concentration than the soils at Winchmore despite having 
lower initial WEP concentrations. This is due to the greater P retention of the Whatawhata (55-71%) 
and Ballantrae (30-50%) soils than the Winchmore soils (23-29%). However it must be remembered 
that the equation to predict the timescales for soil to reach WEPt has an associated error from the 
calculation of the β value (standard error of β = 0.0089) meaning that the extrapolation of soil P 
decline could vary by several years. For example, the mean estimated time taken to reach 0.02 mg P 
L-1 for 51 kg P ha-1 yr-1 treatment at Winchmore was 23 years, but could be 21 or 31 years if 
calculated from the mean β value plus or minus one standard error. 
Although this comparison demonstrates the importance of soil type (and the quotient of Olsen P and 
P retention) on the rate of decline, it should also be mentioned that the management of each trial 
was different. Equation 2.4 does not consider variation due to any potential P inputs from grazing 
animals. Paddocks at all trial sites except Lincoln were rotationally grazed with mobs of sheep, while 
a cut and carry system was employed at Lincoln. Additional P input or return from animal dung may 
slow the rate of WEP decline, but further validation work is required to confirm this.  
A similar approach can be used to generate an equation to predict the decline in Olsen P 
concentration to an agronomic optimum. A regression suggested that 78% of the variation in β 
values can be described by the initial WEP concentration of the soil (Eq. 2.5) (Table 2.4). 
                           [Equation 2.5] 
The agronomic optimum for Olsen P in ash and sedimentary soils in New Zealand sheep and beef 
pastures is considered to be 20 – 30 mg kg-1 (Morton & Roberts 1999). By setting the target Olsen P 
concentration to 25 mg kg-1, and substituting the initial and target WEP concentrations in Eq. 2.2 
with the equivalent Olsen P concentrations and the β value from Eq. 2.5 (standard error of β = 
0.0199), the time for OPt to equal 25 mg kg
-1 was estimated from Eq. 2.6.  
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                                           [Equation 2.6] 
The estimated time for Olsen P to decline to the agronomic optimum ranged from 0 for the soils at 
Winchmore, where the initial Olsen P concentration was within the proposed optimum range, to 7 
years on the soils receiving 100 kg P ha-1 yr-1 at Whatawhata. These timescales are much shorter 
than those estimated for WEP to decline to the environmental target concentration (Fig 2.5) and 
could signal a quicker decline in productivity compared to P loss.    
 
Figure 2.6 Estimated time to reach target WEP of 0.02 mg P L-1 and Olsen P of 25 mg P kg-1 for each 
site along with the initial WEP concentration. 
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2.3.4 Effect of soil phosphorus decline on dry matter yield 
Annual pasture DM yield was only available for the full dataset at Winchmore and Ballantrae. Data 
for Whatawhata exists for the first 4 years of the trial where a 10-13% decrease in DM production 
was only noted for the 100 kg P ha-1 yr-1 treatment Gillingham et al. (1990). Dry matter yield at 
Ballantrae showed a large annual variation and no significant trend over the 7 years of the trial at 
either the high fertiliser (50 kg P ha-1 yr-1) or low fertiliser (14 kg P ha-1 yr-1)  farmlets. This suggests 
that in the short term (up to 7 years), environmental factors, such as annual weather conditions, had 
a greater effect on pasture production than fertiliser inputs at this site. However, a comparison of 
DM yield at Winchmore showed a significant exponential decline over 21 years following cessation 
of fertiliser to plots previously receiving 34 and 51 kg P ha-1 yr-1 (P < 0.001) (Fig. 2.6).  In contrast to 
Ballantrae, the influence of climate was somewhat negated by the use of irrigation. In order to 
assess the relative importance of halting P fertiliser at Winchmore on environmental and agronomic 
measures, a quotient was derived for β values of WEP over Olsen P or DM. Too few significant β 
values were available to examine CaCl2-P data, nor could the quotient be generated for the other 
trial sites as the decline in DM yield was not significant. The quotient of β WEP/β DM yield for 
Winchmore was 1.2 and 1.4 for the 14 and 51 kg P ha-1 yr-1 treatments respectively, while the 
quotient of β WEP/β Olsen P for the same treatments was 7.3 and 4.5, respectively. This suggests 
that the rate of decrease in WEP concentration was similar to that of DM yield, but much greater 
than the decrease in Olsen P. From the limited data available, the response of WEP concentration to 
halting P fertiliser appears to be more closely linked to DM yield than the Olsen P concentration 
suggesting that 1) there is little benefit in using the strategy as a measure to decrease P losses – 
unless a yield penalty is accepted and 2) that Olsen P at this sites was neither a good measure of 
plant available P within the soil, nor could it be used as a surrogate to gauge the potential for P loss.  
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Figure 2.7 Variation in dry matter yield with time since P fertiliser application stopped at 
Winchmore. Data adapted from Rickard and McBride (1987) 
Various studies have shown large variation in the effect of withholding P fertiliser on the time for 
crop or pasture yields to start decreasing, ranging from 2 years (O’Connor et al. 1990) to 10-20 years 
(Dodd & Mallarino 2005). Although  this is likely due to differences in soil type, initial STP 
concentration, and plant species, work by (Schulte et al., 2010) suggested that the rate of decline 
was also affected by the P balance and an additional term may need to be incorporated based on 
the rate of P input and off-takes. Further work is required to investigate the relationship between 
the decline in soil P concentration and the decline in DM yield across a wide range of soil types and 
initial STP concentrations. More detailed investigation of the plant available P pools during STP 
decline is also warranted, potentially through the use of techniques such as sequential fractionation 
(Tissen & Moir 2008) or isotope exchange kinetics (Frossard & Sinaj 1997). However, if WEP 
concentrations within the soil are intrinsically linked to DM yield, my data suggests that maintaining 
high yields, while decreasing STP via a negative P balance, may maintain a high WEP concentration 
due to the slow rate of decline. As such, I conclude that for these soils the potential for P loss cannot 
be addressed through halting P fertilisers without negatively impacting on farm productivity. 
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2.4 Conclusion 
Withholding P fertilisers on a range of New Zealand pastoral soils led to an exponential decline in 
both Olsen P and WEP. The decline in CaCl2-P was not significant at all of the sites. For WEP 
concentrations, the decrease over time was best explained by a quotient of Olsen P over P retention, 
while for Olsen P the rate of decrease was best accounted for by the soil’s initial WEP concentration. 
Incorporating these explanatory variables into an equation enabled the decrease in environmental 
and agronomic P tests to be estimated. For example, it was estimated to take 23 – 44 years after P 
fertilisers ceased to be applied, depending on the initial STP concentration and the P retention of the 
soil, for WEP to decrease to the proposed limit of DRP in overland flow (0.02 mg L-1). When 
comparing a similar equation describing the rate of decreasing Olsen P concentration over time, it 
was found that the rate of WEP decrease was quicker than the rate of Olsen P decrease; however, 
for Winchmore, the rate of WEP decrease was similar to the rate of decrease in DM yield. As such, 
attempts to decrease P losses, as measured by WEP concentration, through halting P fertiliser 
application may lead to significant losses in farm productivity. 
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Chapter 3 
Changes in soil phosphorus availability and potential phosphorus 
loss following cessation of phosphorus fertiliser inputs: An isotope 
exchange kinetics study 
3.1 Introduction 
In Chapter 2 soil test P (STP) concentrations were used to model the decline in soil P over time 
following a halt to P fertiliser application. However, STP may not provide the best estimate of 
available P and provides limited information on the kinetics of P desorption from the soil. 
Phosphorus applied to soil is retained as adsorbed and mineral forms of inorganic P or incorporated 
into organic compounds, both of which can replenish soil solution with P over time as shown in 
Chapter 1 Fig 1.1. Phosphorus supply to plants occurs through root uptake of orthophosphate ions 
present in the soil solution. However, only around 1 % of the annual P uptake is present in the soil 
solution at any given time and the remaining 99 % is supplied by the soil solid phase during the 
growing season (Grant et al. 2005). The transfer of P from the solid to the solution phase is 
dominated by a combination of desorption and dissolution reactions (Frossard et al. 2000). Beckett & 
White (1964) identified three parameters that described soil P availability: intensity (I), a measure of 
orthophosphate ions in solution; quantity (Q), a measure of the total labile P concentration in the 
soil; and capacity (C), a measure of the phosphate buffering capacity of the soil, estimated as the 
ratio between Q and I. Standard STP methods, such as Olsen-P, measure Q as a predictor of plant 
uptake while WEP or CaCl2-P may be considered representative of I values involved in P loss. P 
retention has been shown to be closely related to the P sorption index (r2 = 0.905) (McDowell & 
Condron 2004), giving an indication of the P buffering capacity of the soil. All three factors need to be 
considered when assessing the agronomic P status of the soil and the potential for P loss. STP 
methods (e.g. Olsen P) consider soil P as discrete pools of available P, and determine only the Q or I 
factor. In reality, soil P is a continuum of P pools in equilibrium with each other that release P into 
the soil solution over time (Frossard et al. 2000). Isotope exchange kinetics (IEK) is a technique that 
models this continuum to determine Q, I and C factors in one experiment.   
The IEK method involves the labelling of P ions in the soil solution with 32P or 33P, then measuring the 
rate of exchange between these labelled ions and unlabelled 31P present in the soil solid phase thus 
determining the amount of exchangeable P, termed E, in the soil. Frossard et al. (1994) 
demonstrated that data derived from short term IEK studies up to 100 minutes in length could be 
used to model the amount of soil P which can be exchangeable over three months. Three soil 
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exchangeable pools related to plant uptake have been identified: E1 min is the pool of P in solution that 
is very weakly associated with the soil surface and is completely and immediately plant available; E1 
min – 24 hrs. is the quantity of P which can be exchanged over a period of time equivalent to active P 
uptake of a single root; and E24 hrs. – 3 months is a measure of the quantity of exchangeable P available for 
uptake by the entire root system of an annual crop (Frossard & Sinaj 1997). However pasture growth 
occurs over most of the year and therefore P uptake occurs for a longer period than the 3 months 
assigned to uptake by an arable crop and E10 months  may be more appropriate to measure the quantity 
of exchangeable P available for pasture uptake over one year and this value was determined by Chen 
et al. (2003)  who used IEK to investigate P availability to a range of plant species in grassland soils. 
Stroia et al. (2007)used IEK to investigate the dynamics of soil P supply in two grassland field trials, 
one at Eercé in the French Pyrenees and one at Gramond in Central France. The IEK data showed that 
soils from Eercé had a greater ability to supply P over one month than the soils at Gramond despite 
having a much lower Olsen P concentration (11 mg kg-1 at Eercé compared to 48 mg kg-1 at 
Gramond). This demonstrates the disparity between STP methods, which often have a rather static 
character, and P availability for plant uptake, which is a dynamic process and dependant on the 
ability of the soil solid phase to supply P to the plant roots at a rate which meets plant demands 
(Koopmans et al. 2004a). From a surface water quality perspective, McDowell et al. (2001a) 
demonstrated that P loss to overland flow was significantly and closely related to E1 min (r
2 = 0.800). 
While P loss via subsurface drainage, as mimicked by soil extraction with 0.01M CaCl2, was related to 
the pool of soil P exchangeable for up to 24 hours (r2 = 0.814).  Clearly, IEK analysis may provide a 
more accurate measure of P availability to plants and the potential for loss to water compared to 
standard soil P tests, such as Olsen P.  However, organic P can make up a large proportion of the total 
soil P pool especially in pasture systems . Soil organic P pools can be converted to orthophosphate 
through mineralisation of organic matter following both plant and or microbial release of 
phosphatase enzymes.  The IEK model does not consider the release of P from organic compounds 
and therefore may underestimate the P supply power of the soil.  
Gallet et al.  (2003) used IEK to investigate the effect of withholding P fertilisers on soil P 
concentrations and found a significant decrease in E1 min in soils where P fertiliser was withheld for 9 
years on a range of soil types. However, their study was based on arable soils with regular cropping 
and grassland where biomass was cut and removed and only considered the E1min pool. There has 
been little investigation into the rate of decline in isotopically exchangeable P in grazed grassland 
soils, the distribution within the different exchangeable pools, or how this distribution may change 
over time following a halt to fertiliser application.   
Given that the measurement of IEK can predict the amount of exchangeable P available to plants and 
for transport to surface water, the equation generated in Chapter 2 predicting the rate of P decline 
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following a halt to fertiliser application (Eq. 2.4) could be improved by the replacement of Olsen P 
with measurements derived using IEK. Furthermore, in the previous chapter Olsen P was not found 
to be a good predictor of dry matter yield at Winchmore and IEK may provide a better estimate of 
the effect of withholding P fertilisers on production. 
In Chapter 2 the data from the Ballantrae long-term fertiliser trial were excluded from the generation 
of Eq. 2.4 due to limited replication, the high standard error for soil P concentration between 
replicate plots and the relatively short duration of this trial (7 years compared with 16 -26 years for 
the other trial sites). Therefore, soils from Ballantrae were not included in this further analysis.  
Using soils from the remaining three long-term fertiliser trials identified in Chapter 2 (Winchmore, 
Whatawhata and Lincoln) the aims of this study were to use the IEK technique to investigate: 
1. how the exchangeable P pools relate to the potential for P loss, as DRP, to overland flow (as 
estimated by WEP) from a range of sheep grazed pasture soils with a long history of P 
fertilisation;  
2. how these different pools change over time following a halt to P fertiliser application;   
3. the relationship between E values and pasture production; and  
4. the use of IEK data to build on, and potentially improve, the equation generated in Chapter 2 
that predicted the time it will take to reach a soil P concentration that poses little or no 
threat to water quality following withdrawal of P fertilisation on grazed grassland soils. 
 
3.2 Materials and methods 
The soil samples sourced from Winchmore, Whatawhata and Lincoln analysed for Olsen P, WEP and 
CaCl2-P in Chapter 2 were used in this study. Details of the field trials can be found in Chapter 2 
where table 2.1 summaries the management of each trial. 
3.2.1 Isotope Exchange Kinetics 
Isotopic exchange kinetics (IEK) were studied across all treatments and replicate plots for a selection 
of sampling dates (every 4-6 years depending on the availability of archived samples) spanning the 
length of each fertiliser trial. The IEK method has been described in detail in Frossard & Sinaj (1997). 
For this study, soil was shaken in deionised water for 16 hrs. to reach equilibrium in a 1:300 soil-to-
solution ratio mimicking the extraction of WEP. An aliquot of each soil water extract was taken, 
filtered (0.45 µm) and the P concentration determined via the molybdate blue method of Wanatabe 
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& Olsen (1965)to provide the intensity factor (Cp). Following the addition of 0.01 – 0.05 Mbq carrier 
free 33P labelled phosphate ions in 1 ml H3
33PO4, aliquots of the soil water extract were taken at 1, 10, 
30 and 60 minutes and immediately filtered through a 0.45 µm filter. The reactivity of the 33P in each 
aliquot was determined using a liquid scintillation counter.  
Following 33P addition the rate of decline in radioactivity in the solution with time (r/R) was 
calculated according to Eq. 3.1. 
                      
                  [Equation 3.1] 
 
where r(1)/R is the ratio of total introduced radioactivity (R) to the radioactivity remaining in solution 
after 1 minute (r1), t is time, n is a parameter to estimate the decrease in radioactivity with time as 
determined from the slope of a plot of log (r(t)/R) against log(t), and r(∞)/R is the amount of radiation 
that would remain in solution at isotopic equilibrium. r(∞)/R is operationally estimated to be the ratio 
of the concentration of P ions present in the soil water extract to the total amount of inorganic P 
present within the soil. Hence, r(∞)/R is much smaller than r(1)R, as such, its effect on r/R will be 
negligible and Eq. 3.1 can be simplified to Eq. 3.2. 
                      
          [Equation 3.2]   
This equation allows the initial curvature of the isotopic dilution kinetics to be taken into account 
when calculating values of exchangeable P (E), examples of the isotopic dilution over 60 minutes for 
the four different soil types are shown Fig. 3.1. The E values were then calculated for four time 
points, 1 minute (E1 min), 30 minutes (E30 mins), 24 hours (E24hrs) and 10 months (E10 months) from Eq. 3.3. 
                    [Equation 3.3]  
where a is the soil to solution ratio (i.e. 1:300) and Cp is the intensity factor. 
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Figure 3.1 Examples of the kinetics of isotopic dilution ratio (r/R) taken at each of the trial sites. 
 
Total inorganic P (Pi) and total P (TP) concentrations in each of the soils were determined via 
extraction with 0.5 M sulphuric acid (Saunders & Williams 1955) and perchloric acid digestion at 
around 200°C (Sommers & Nelson 1972), respectively. The E10 months was subtracted from total 
inorganic P (Pi) to provide a value for soil P that is not exchangeable within the growing season of an 
annual crop, i.e. non-available P. This is termed E>10 months. Total organic P (Porg) was determined by 
subtracting the Pi from TP.  
3.2.2 Statistical analysis 
Differences in E values, Pi, Porg and TP concentration for the Winchmore and Lincoln sites between 
the start and end of each trial were determined using a paired t-test: this was not conducted for the 
Whatawhata data, which only had two replicates per treatment. While not statistically identical to a 
t-test, regression analysis was used to determine if the change in soil P parameters over time was 
significant at Whatawhata. At all sites, a restricted maximum likelihood analysis (REML) was carried 
out to determine the effect of trial site on the distribution of P within the different exchangeable 
pools using the date of sample collection as the random model in the analysis. Specific comparisons 
are made with the least significant difference at P < 0.05 (LSD50). Stepwise regression analysis 
between the E values and the WEP concentration was used to determine the contribution of the 
different exchangeable P pools to WEP. 
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In Chapter 2 regression analysis was used to fit the change in WEP concentration of each replicate 
plot over time to an exponential function shown in Eq. 2.1. The β value determined for each replicate 
plot was found to vary across the different trials and treatments, due to differences in soil properties. 
Hence a stepwise regression between soil P properties including E values, Olsen P and P retention, 
and the β value for WEP decline was used to determine the best predictor β. This will allow the 
prediction of the rate of decline in WEP on cessation of P fertiliser for any site from the soil 
properties. Determining the β value for each plot allows statistically robust evaluation of the rate of 
decline in soil P and the effect of soil properties on β via regression. 
Statistical comparisons are only discussed if significant at the P< 0.05 level or better. All analyses 
were carried out using the statistical package GenStat (GenStat13 2010). 
 
3.3 Results and discussion 
3.3.1 Soil characteristics and phosphorus balance 
Selected soil chemical properties at the start of each trial, immediately following P fertiliser cessation 
were shown in Chapter 2 Table 2.2. The agronomic optimum for Olsen P in ash and sedimentary soils 
in New Zealand sheep and beef pastures is considered to be 20 – 30 mg P kg-1 (Morton & Roberts 
1999). At the start of the trials the Olsen P concentrations at Winchmore and on plots receiving the 
lower P application rates at Whatawhata were within this range while the soils from plots receiving 
higher P application rates and the soils at Lincoln exceeded this optimum with the maximum 
concentration of 51 mg P kg-1 found at Whatawhata on plots previously receiving 100 kg P ha-1 yr-1. 
However, despite the moderate Olsen P concentrations WEP and CaCl2-P ranged from 0.043 to 0.145 
mg P L-1 and 0.042 to 0.101 mg P L-1, respectively. As WEP and CaCl2-P have been shown to be a 
direct estimate of P loss to surface run-off and subsurface leaching (McDowell & Condron 2004), the 
soils at all 4 sites have the potential to adversely affect surface water quality, highlighting the 
disparity between agronomic and environmental optimums clearly demonstrated in Chapter 2. 
To fully explain the changes in the exchangeable soil P pools over time it is necessary to consider the 
P balance for each trial. Regrettably, with the exception of Winchmore, dry matter yield data is not 
available and pasture P content was not determined for any of the four trials. Hence a P balance 
could not be calculated. However, in a recent review of the long-term trials at Winchmore McDowell 
& Condron (2012) determined P balances for a trial where plots received 0, 17 or 34 kg P ha-1 yr-1. 
Phosphorus inputs for the control treatment, with zero P fertiliser application, came solely from 
weathering of soil minerals and were calculated to be 4 kg P ha-1 yr-1. The only P outputs were from 
animals in the form of wool and replacement of animals culled from the trial and ranged from 0.6 to 
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1.4 kg P ha-1 yr-1 for the different P fertiliser application rates depending on stocking rate. Assuming 
that that the soils used in our study taken from Winchmore had the same inputs from weathering 
and using the output values for the different stocking rates we estimate that there would have been 
a P balance of + 2.6 – 3.4 kg P ha-1 yr-1. As the trial at Whatawhata was also conducted on sheep-
grazed pasture, we can expect a slightly positive or near zero P budget with slight variation from 
different weathering inputs and stocking rates. The trial at Lincoln was managed as a cut and carry 
system where biomass was regularly cut and removed, and so we would expect a slightly negative P 
balance.  
3.3.2 Trends in the exchangable phosphorus pools 
Following a halt to P fertiliser application there was an exponential decline in E1 min for both 
treatments at Winchmore and Lincoln and for plots previously receiving 50 or 100 kg P ha-1 yr-1 at 
Whatawhata (Fig. 3.2). At Winchmore and Lincoln, Cp and the E1 min – E10 months pools showed a 
significant decrease (P < 0.05) in concentration between the start and end of trials and regression 
analysis, fitted to an exponential function, indicated that there was a significant decrease in these 
parameters over time at Whatawhata but only for the plots previously receiving the highest rate of P 
fertiliser. These declines in P concentration in the soil solution and the exchangeable P on the grazed 
trials occurred despite the P balance being close to zero. In grazed pastures the vast majority of P 
removed during grazing is returned to the ground as dung. However, the deposition of dung is not 
uniform across a paddock and proportionally greater dung deposits can occur in stock camp sites. At 
Winchmore stock camping has been observed at the borders of irrigation bays which could lead to 
redistribution of P (McDowell & Condron 2012). This may result in greater P concentrations in these 
camping areas and lower P concentrations on other parts of the paddock. Furthermore, soil P losses 
could occur as a result of P loss to surface water through leaching or surface run-off. However, there 
was no change in the soil TP concentration between the start and end of the trial at any of the grazed 
sites (Table 3.1) suggesting that there was no loss of total P. 
Another possible explanation is a reduction in labile soil P concentrations as a result of a halt to fresh 
P fertiliser application and fixation of residual P in less available inorganic forms. For example, Zhang 
et al. (2004) showed that excessive P applications to the soils of intensive dairy farms was rapidly 
stored as labile or reactive P forms, but more slowly as stable forms becoming increasingly less 
available over time. Alternatively, the labile P could have been increasingly incorporated into soil 
organic matter (SOM). The Pi concentration in soils taken from plots at Winchmore receiving both 34 
and 51 kg P ha-1 yr-1 decreased significantly over the length of the trial (Table 3.1) and this was 
accompanied by an increase in Porg concentration suggesting that immobilisation of labile P in SOM 
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occurred at this site. Soils at Whatawhata showed a decrease in Pi on the plots previously receiving 
10 and 50 kg P ha-1 yr-1 and an increase in Porg on the plots previously receiving 10 kg P ha
-1 yr-1.    
For the Lincoln trial, there was a significant decrease in the E> 10 month pool as well as the Cp 
concentration and E1 min – E10 months. The E> 10 month pool is less readily available and is likely to have 
been depleted due to the more negative P balance as a result of cutting and removing the biomass. 
However, while there was a significant decline in Pi, TP did not change over the 16 years.  
There was no significant change in r/R or n value between the start and end of each trial (Table 3.1). 
Under arable cropping Morel et al. (1994) found that P inputs decreased n while P uptake by plants 
increased n. Similarly Gallet et al. (2003) showed that the change in n over time was dependant on 
the P balance. The P balance for the trials studied here is likely to be close to zero explaining the lack 
of response in n following a halt to fertiliser inputs. As r/R and the n value provide information on the 
P buffering capacity of the soil the absence of change in these parameters indicates that withholding 
P fertiliser for between 16 and 26 years at these trial sites did not affect the soil’s ability to supply P 
to the soil solution despite reductions in the exchangeable soil P pools. However, at Winchmore 
there was a significant decline in dry matter yield over this time (Fig. 2.6) which contradicts this 
finding unless nutrients other than P were limiting pasture growth.  
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Figure 3.2 Variation in E1min with time following cessation of P fertiliser application at (a) Winchmore, 
(b) Whatawhata and (c) Lincoln. Error bars represent the standard error of the mean. Significant fits 
to exponential decline shown (P < 0.001) 
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Table 3.1 Mean E, TP (mg kg-1), Pi (mg kg
-1), Porg (mg kg
-1), Cp (mg L-1), r/R and n values at the start and end of each trial with the standard error in parenthesis. The 
P value presented for Winchmore and Lincoln is from a paired t-test between the initial and final value of each parameter while for Whatawhata the P value is 
presented for the regression analysis of each parameter over time. 
Trial Treatment Trial 
length 
(years) 
 E1min E30mins E24hrs E10months E>10months TP Pi Porg Cp r/R n 
Winchmore 34 kgPha-1yr-1 21 Initial 
Final 
p value 
25.6 (0.5) 
13.3 (0.8) 
0.001 
30.8 (0.9) 
16.6 (1.1) 
0.001 
37.9 (1.6) 
21.6 (1.9) 
0.002 
51.6 (3.2) 
32.1 (4.2) 
0.003 
249 (17) 
215 (10) 
0.138 
733 (28) 
733 (19) 
0.990 
301 (17) 
248 (7) 
0.036 
433 (14) 
486 (14) 
0.018 
0.06 (0.01) 
0.03 (0.00) 
0.018 
0.71 (0.07)  
0.77 (0.03) 
0.298 
0.06 (0.00) 
0.07 (0.01) 
0.074 
 
Winchmore 
 
51 kgPha-1yr-1 
 
21 
 
Initial 
Final 
p value 
 
32.9 (1.5) 
21.2 (0.8) 
0.001 
 
39.4 (1.6) 
21.6 (0.7)  
0.001 
 
48.6 (2.3) 
34.3 (2.4) 
0.008 
 
73.9 (8.7) 
50.37 (5.1) 
0.045 
 
325 (16) 
225 (6) 
0.003 
 
823 (41) 
759 (38) 
0.118 
 
391 (13) 
275 (9) 
<0.001 
 
432 (34) 
493 (34) 
0.043 
 
0.09 (0.00) 
0.06 (0.00) 
0.001 
 
0.78 (0.03) 
0.79 (0.04) 
0.941 
 
0.05 (0.01) 
0.07 (0.01) 
0.200 
 
Whatawhata 
 
10 kgPha-1yr-1 
 
26 
 
Initial 
Final 
p value 
 
19.9 (0.3) 
13.0 (4.7) 
0.101 
 
26.7 (0.3) 
16.3 (5.1) 
0.088 
 
37.4 (1.7) 
21.2 (5.4) 
0.185 
 
61.45(5.7)3
1.2 (5.2) 
0.407 
 
183(23) 
118 (45) 
0.134 
 
768 (209) 
808 (156) 
0.633 
 
244 (29) 
149(39) 
0.039 
 
523 (180) 
659 (116) 
0.049 
 
0.05 (0.01) 
0.04 (0.01) 
0.169 
 
0.74 (0.01) 
0.82 (0.02) 
0.076 
 
0.09 (0.01) 
0.07 (0.02) 
0.335 
 
Whatawhata 
 
50 kgPha-1yr-1 
 
26 
 
Initial 
Final 
p value 
 
22.1 (0.1) 
14.7 (1.0) 
<0.001 
 
30.1 (2.7) 
21.4 (4.1) 
0.077 
 
44.3 (10.72) 
34.55 (12.0) 
0.668 
 
81.4(36.4) 
73.0(36.6) 
0.924 
 
338 (4) 
119 (20) 
0.118 
 
968 (140) 
926 (225) 
0.750 
 
420 (40) 
202 (59) 
0.048 
 
548 (124) 
723 (166) 
0.457 
 
0.05 (0.01) 
0.04 (0.00) 
<0.001 
 
0.75 (0.03) 
0.82 (0.04) 
0.198 
 
0.09 (0.04) 
0.11 (0.04) 
0.764 
 
Whatawhata 
 
100 kgPha-1yr-1 
 
26 
 
Initial  
Final 
p value 
 
31.2 (1.3) 
12.5 (1.1) 
<0.001 
 
44.9 (0.8) 
19.9 (0.7) 
<0.001 
 
63.7 (1.1) 
35.1 (1.3) 
<0.001 
 
129.2 (68.6) 
81.4(11.7) 
0.050 
 
322 
(142)262 
(70) 
0.120 
1020 (386) 
1007 (137) 
0.993 
 
397 (151) 
462 (82) 
0.849 
 
623 (235) 
664 (55) 
0.915 
 
0.08 (0.00) 
0.03 (0.00) 
<0.001 
 
0.77 (0.05) 
0.79 (0.02) 
0.268 
 
0.11 (0.01) 
0.15 (0.02) 
0.245 
 
Lincoln 
 
Nil 
 
16 
 
Initial 
Final 
p value 
 
33.5 (1.4) 
22.3 (1.6) 
0.016 
 
37.7 (0.7) 
24.8 (1.9) 
0.007 
 
43.1 (0.8) 
28.2 (2.6) 
0.006 
 
52.1(3.5) 
34.2 (4.2) 
0.022 
 
322 (9) 
219 (15) 
0.020 
 
726 (27) 
669 (38) 
0.410 
 
379 (6) 
253 (15) 
0.006 
 
351 (21) 
416 (26) 
0.217 
 
0.08 (0.00) 
0.05 (0.00) 
0.021 
 
0.68 (0.01) 
0.68 (0.01) 
0.855 
 
0.04 (0.01) 
0.03 (0.01) 
0.460 
 
Lincoln 
 
50 kgNha-1yr-1 
 
16 
 
Initial 
Final 
p value 
 
39.0 (1.2) 
22.4 (1.4) 
<0.001 
 
43.4 (1.5) 
25.0 (1.2) 
0.001 
 
48.8 (1.8) 
27.8 (1.3) 
0.003 
 
56.9(2.1) 
34.3(1.3) 
0.004 
 
305 (18) 
196 (14) 
0.034 
 
705 (39) 
648 (30) 
0.340 
 
368 (14) 
231 (15) 
0.017 
 
337 (49) 
417 (31) 
0.044 
 
0.09 (0.00) 
0.05 (0.00) 
0.005 
 
0.67 (0.01) 
0.67 (0.01) 
0.995 
 
0.03 (0.00) 
0.03 (0.01) 
0.597 
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3.3.3 Relationship between E values and WEP 
Stepwise regression showed that WEP concentration was best described by exchangeable P in the E1 
min and E30 mins pools (P < 0.001) with the majority of the contribution from E1 min resulting in an r
2
adj of 
0.38 which increased to 0.41 with the addition of the E30 mins term. This suggests that the potential for 
DRP loss to overland flow is mainly governed by the immediately available pool of P with a small 
contribution from the easily desorbed pool. This is in agreement with McDowell et al. (2001a) who 
found that E1 min best described the variation in DRP concentration from simulated run-off 
experiments and no significant correlation for either the E24 hrs or E10month pools. However, the E1 min 
only explained 38 % of the variation in WEP, compared to 80 % of variation in DRP in the study by 
McDowell et al. (2001a). 
3.3.4 Distribution of phosphorus within the exchangeable pools 
The E>10 months pool is by far the largest pool of P at all trial sites (Table 3.1). This pool of P is not readily 
available for plant uptake and is likely to contain a significant of inorganic P occluded into soil 
minerals and organic P compounds. A significant decrease following a halt to P fertiliser was only 
found at Lincoln, which is likely to have a negative P balance, and on plots at Winchmore previously 
receiving the higher P application rate of 51 kg P ha-1 yr-1.  Across the different trials the E>10 months 
pool accounts for 14 – 44 % and Porg accounts for 48 – 82 % of the total soil P. This suggests that 
technological advances which can manipulate the plant availability of the organic P pool could 
decrease the reliance on P fertiliser inputs while maintaining consistent yields. For example, 
Richardson & Simpson (2011) highlighted the potential for soil inoculation with microorganisms 
capable of solubilising organic soil P, through the release of phosphatase enzyme, as a method to 
increase the plant availability of this important P pool.      
The distribution of P within the four exchangeable pools (E1 min to E10 months) varied across the trials. A 
REML analysis showed that E1 min at Lincoln was significantly greater than at Winchmore and 
Whatawhata (P < 0.01). Conversely, the E10 month pool was significantly greater at Whatawhata than at 
the other trial sites (P <0.05) (Table 3.1). Vu et al. (2010);(2011) examined the transformations of 
fertiliser P in a range of arable soils in the grain belt of Victoria, Australia. Sandy soils with a low clay 
and acid ammonium oxalate-extractable Al (Alox) and Fe (Feox) concentrations were found to store 
the majority of fertiliser P in labile or moderately labile forms, while heavier soils with higher Alox and 
Feox concentrations transformed more P into sparingly soluble forms. These data concur with the 
findings at Whatawhata, which relative to the other soils, has greater clay content (Table 2.1) and PR 
value (Table 2.2). Furthermore, the history of P fertilisation may affect P storage. The soils at 
Whatawhata received regular superphosphate fertiliser for much longer (15 -20 years) prior to 
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halting P fertiliser applications. As a result, the more labile P fixation sites may have been saturated 
with P leading to accumulation of residual fertiliser P in the less accessible pools. Differences in WEP 
concentrations significantly decreased in the order Lincoln > Winchmore > Whatawhata (P < 0.001) 
despite TP concentration following the opposite trend (P < 0.001). This reinforces the suggestion that 
WEP concentration is dependent on the E1 min pool and that the E10 month pool has negligible effect on 
the potential for P loss. 
3.3.5  Relationship between exchangeable phosphorus pools and dry matter yield 
From an agronomic perspective it is important to assess the effect that withholding P fertiliser will 
have on pasture production. Annual pasture DM yield was available for Winchmore and plots 
receiving both rates of P fertiliser showed an exponential decline in DM yield following a halt to P 
fertilisation as shown in Chapter 2 Fig. 2.6. Using this data and the Olsen P and WEP concentrations 
generated in Chapter 2, the relationship between annual DM yield and the different soil P 
parameters was examined.  Olsen P and WEP exhibited no relationship with DM yield on plots 
previously receiving 34 kg P ha-1 yr-1 and only a poor linear relationship for plots receiving the higher 
P rate of 51 kg P ha-1 yr-1 (r2adj = 0.27 and 0.34, respectively). In contrast, E1 min showed a stronger 
coefficient of determination to DM yield for both treatments (r2adj = 0.95 and 0.99).  It is also 
interesting to note that the quotient of β Olsen P/β DM yield (i.e. the rate of change in Olsen P over 
time relative to the rate of change in DM yield) was 0.17 and 0.31 for the 14 and 51 kg P ha-1 yr-1 
treatments, respectively. In comparison, the quotient of β E1 min/β DM yield was 0.76 and 0.55, 
respectively, while the quotient of β WEP/β DM yield was 1.40 and 1.24, respectively. This means 
that the rate of decline in E1 min and WEP exhibited a greater similarity to the rate of decline in DM 
yield than that of Olsen P. Olsen P is commonly used to predict pasture production responses. 
However, the results from Winchmore suggest that Olsen P is a less responsive measure of DM yield 
than the E1 min or WEP value on soils where P fertiliser has been withheld.  
3.3.6 Predicting the decline in WEP 
In Chapter 2 correlation analysis was carried out to determine which soil parameters would best 
predict the rate of change in WEP following a halt to P fertiliser application excluding the data from 
Ballantrae. Following a similar approach E1 min data from this study were combined with the Olsen P 
and WEP data in a stepwise multiple regression to see if IEK could provide a more accurate prediction 
β than Olsen P. Investigation of the Mallow Cp parameter, used to assess the fit of the regression 
model, indicated that only one variable was required to predict β following a halt to P fertiliser, i.e. 
the quotient E1 min and PR (E1 min/PR) which describes 83% of the variation as Eq. 3.4. This is a slight 
improvement on the prediction with OPi/PR which was shown in Chapter 2 to describe 79 % of the 
variation in β. 
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                               [Equation 3.4] 
Hence, incorporating β determined from Eq. 3.4 into Eq. 2.2 from Chapter 2 yields Eq. 3.5 
                                                [Equation 3.5]       
The time taken for soils to reach the target WEP concentration was calculated from Eq. 3.5 and the 
original equation generated in Chapter 2 using OPi/PR (Eq. 2.6).  Using E1 min/PR instead of OPi/PR did 
not change the timescales for the soils to reach WEPt and any differences in the result were not 
greater than differences due to error associated with the calculation of β (Fig. 3.3) This is not 
surprising considering that the use of E1 min/PR only gave a slight improvement on the prediction of β 
compared to OPi/PR.  Further validation of these predictive equations using a wider range of soil 
types and initial Olsen P concentrations, in particular soils with high initial STP, may improve this 
model. However, this study suggests that IEK will not substantially improve the prediction of WEP 
decline following cessation of P fertiliser application to grazed pastures compared to Olsen P.  
 
Figure 3.3 Estimated time to reach a target WEP concentration of 0.02 mg P L-1 predicted from the 
quotient of initial Olsen P and P retention (OPi/PR) as proposed in Chapter 2 or E1min and P retention 
(E1min/PR) as per Eq. 3.5. Error bars represent the time it would take to reach the target WEP 
concentration calculated from the β value plus or minus one standard error.  
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3.4 Conclusion 
In agreement with the findings from Chapter 2, withholding P fertilisers for 21 - 26 years on sheep 
grazed pastures led to an exponential decline in exchangeable P. Soils at Lincoln, where plots were 
managed with cutting and removal of the biomass, not only exhibited a decline in the exchangeable 
pools but also showed a significant decrease in the less readily available, E> 10 month pool. This reflects 
the more negative P balance associated with a cut and carry system. There was no change in TP over 
time in any of the trials but on two of the four sites the decrease in exchangeable P was accompanied 
by a decrease in Pi and increase in Porg suggesting that over time inorganic P has become occluded 
within organic matter reducing its plant availability.       
For water quality, the results indicate that for soils with moderate initial Olsen P concentrations, IEK 
does not improve the prediction of decline in WEP following a halt to P fertiliser application. Given 
the extra cost, labour and specialist facilities required to carry out IEK I conclude that the 
measurement of OPi/PR is the most appropriate method to characterise this decline.   Conversely, 
based on DM yield data at one of the field sites, E values, especially E1 min, provide a much better 
prediction of DM yield responses than Olsen P.  Isotope exchange kinetics is complex and costly and 
is therefore not suitable for routine soil analysis. Nonetheless, further validation of the relationship 
between E values and DM yield and characterisation of the relationship between E values and Olsen 
P, for a wide range of soil types, may provide improved assessment of the effect of withholding 
fertiliser application on pasture yields.  
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Chapter 4 
Is tillage an effective method to decrease phosphorus loss from 
phosphorus enriched pastoral soils? 
4.1 Introduction 
Pasture renewal every 10 – 15 years is part of the normal rotation of highly productive pastures. 
However, as discussed in the literature review in recent years there has been increased adoption of 
conservation tillage methods including zero tillage systems, such as the direct drilling of grass seed. 
Maintaining P fertilisers without periodic mixing of the plough layer can lead to P accumulation in the 
surface soil and stratification of P within the soil profile (Mathers & Nash 2009; Vu et al. 2009; Cade-
Menun et al. 2010).  
As P loss to surface run-off is generated in the top 10 – 50 mm of surface soil which interacts with 
rainfall (Sharpley et al. 1981) and the presence of high soil P concentrations in the surface soil in 
combination with preferential flow paths greatly increases the risk of P loss to subsurface flow 
(Simard et al. 2000) tillage has been suggested as a potential mitigation strategy to reduce P loss 
through soil mixing disrupting soil P stratification (Sharpley 2003). While tillage has been shown to 
potentially decrease P losses via surface run-off there has been less investigation of the effect of 
tillage on subsurface P loss and no studies on soils where P fertiliser has been withheld. I hypothesise 
that tillage, used as part of the pasture renewal program, in preference to direct drill, will quickly 
decrease topsoil P concentrations and disrupt preferential flow paths and thereby decrease P losses 
in subsurface flow.  
However, there are potential drawbacks to this strategy, as highlighted in Chapter 1. One potential 
implication of re-introducing conventional tillage practices is increased mineralisation of organic 
matter including organic nitrogen (N), which may lead to nitrate leaching (Whitmore et al. 
1992)(Whitmore et al., 1992). If large amounts of N are lost, this could compromise the utility of this 
strategy in nitrate sensitive catchments. Furthermore, as discussed in Chapter 1, the effect on 
organic P is less clear. With the recognition that some DOP compounds may be bioavailable to algae 
(Whitton et al. 1991) there is a need to consider the effect of tillage on DOP loss from previously 
undisturbed pastoral soils. The size, composition and stratification of P fractions in soil and 
subsurface flow can vary greatly (Turner et al. 2003; Vu et al.2009) but DOP is often regarded as less 
sorptive to soil than DRP (Condron et al. 2005). McDowell & Monaghan (2002) simulated tillage in a 
lysimeter study of a high organic matter pastoral soil and found that there was no significant 
difference in the total P loss from the tilled or undisturbed soil cores despite a significant decrease in 
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DRP , due to the large contribution from the DOP fraction which was unaffected by cultivation. Hence 
my second hypothesis was that compared to DRP, DOP would be less affected by tillage.  
The overall aims of this study were to: 
1. Test the two hypothesis that:  
a. tillage would quickly decrease topsoil P concentrations and disrupt preferential flow 
paths and thereby decrease P losses in subsurface flow; and 
b. compared to DRP, DOP would be less affected by tillage.  
2. Assess the effectiveness of implementing conventional tillage methods during a farm 
regrassing program as a method to decrease P loss via subsurface flow from pasture soils. 
This was achieved using lysimeters on a range of New Zealand soil types and comparing direct drill 
and conventional tillage. Dissolved P fractions in subsurface flow (hereafter termed leachate) were 
characterised and Olsen P, WEP and CaCl2-P concentrations were determined at the start and end of 
the trial to assess the agronomic and environmental soil P concentrations with depth. Measurements 
were also made of pasture yield and dissolved nitrogen fractions to make a wider assessment of the 
agronomic and environmental risks of tillage. 
 
4.2 Materials and methods 
4.2.1 Lysimeter setup 
Grazed pasture sites were selected on four contrasting soil types with similar known topsoil Olsen P 
concentrations, namely, a Horotiu silt loam, Waikiwi silt loam, Warepa silt loam and Taupo sandy 
loam (Table 4.1). These soil types cover the four most prevalent Soil Orders under pasture in New 
Zealand, Allophanic, Brown, Pallic and Pumice Soils, respectively (Hewitt 2010). The pasture was a 
mixture of ryegrass (Lolium perenne L.) and clover (Trifolium repens L.). Two of the field sites were 
located in the North Island of New Zealand and two were located in the South Island (Fig. 4.1). The 
climate and rainfall varies across the field sites and the average annual rainfall at each location is 
shown in Table 4.1 and a map showing the location of the field sites is shown in Fig. 2.  
Ten lysimeter cores (22 cm deep by 16 cm diameter) were taken of each soil by carefully excavating 
around the soil core and gently lowering a PVC pipe. When the pipe was completely lowered, the soil 
beneath was cut with a knife to ensure a clean break. In addition to the soil cores five replicate soil 
samples were taken from each site from four depths, 0 – 75 mm, 75 – 150 mm and 150 – 220 mm at 
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the time of lysimeter core collection. The soil cores were transported to the Invermay Agricultural 
Centre in Mosgiel, New Zealand (Fig 4.1). The top 2 cm of soil from each core was removed with a 
knife and the pasture shoots and roots removed by hand.  Half of the cores of each soil type were 
broken up by hand; the soil was mixed, sieved < 6 mm and repacked into the PVC pipes to simulate a 
cultivation event. The top 2 cm of soil removed from the remaining five cores were mixed and re-
deposited on the remainder of each intact lysimeter, mimicking the action of a seed drill.  An end 
cap, filled with acid-washed silica sand, was attached to the base of each lysimeter and petroleum 
jelly was used to seal the gap between the edge of the intact soil core and the PVC pipe to prevent 
edge-flow along the lysimeter sides. An outlet hole in the end cap allowed collection of the leachate. 
Each of the lysimeters was re-sown with a mix of ryegrass (16 kg ha-1) and clover (4 kg ha-1).   The 
assembled lysimeters were then dug into the bank of a dedicated outdoor collection facility.  
 
Table 4.1 Location of field sites from which the lysimeters were taken, the soil type and soil 
properties at the 0 -75 mm depth. Values in parenthesis show one standard error of the mean. 
Sampling location Mean 
Annual 
Rainfall 
(mm yr
-1
) 
Soil type (New 
Zealand soil 
classification) 
pH Particle 
size (% 
sand; clay; 
silt) 
P 
retention 
(%) 
Initial 
Olsen P 
(mg kg
-
1
) 
C/N 
Ruakura Research 
Centre, Waikato, 
NZ 
1200 Horotiu Silt Loam 
(Typic Orthic 
Allophanic soil)  
4.9 
(0.04) 
60 
20 
20 
72 (4) 34 (2) 9.1 
(0.15) 
Woodlands 
Research Station, 
Southland, NZ 
1000 Waikiwi silt loam 
(Typic Firm Brown 
soil) 
5.0 
(0.02) 
20 
30 
50 
53 (1) 37 (1) 10.3 
(0.30) 
Invermay 
Agricultural Centre, 
Otago, NZ 
700 Warepa Silt Loam 
(Mottled Fragic 
Pallic soil) 
4.6 
(0.02) 
30 
20 
50 
16 (1) 20 (1) 12.0 
(0.16) 
Rerewhakaaitu 
Farm, Bay of 
Plenty, NZ 
1100 Taupo sandy loam 
(Immature Orthic 
Pumice soil) 
4.4 
(0.02) 
80 
10 
10 
51 (2) 33 (2) 11.0 
(0.22) 
 
 
 
 
 62 
 
 
Figure 4.1 Map showing the location field sites from which the lysimeters were taken and the 
respective soil type 
The trial commenced in February 2011 and ran for 455 days. During this time there was a total of 790 
mm of rainfall. To supplement rainfall over the drier summer months and maintain pasture growth 
during periods of water deficit, 12.5 mm irrigation was applied to the lysimeters every fortnight from 
February to March, 2011 and from December to February, 2012 yielding a total rainfall + irrigation 
depth of 970 mm. Irrigation was applied by pouring 250 ml of tap water (P concentration below the 
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detection limit of 0.005 mg P L-1) onto the surface of each lysimeter. A maintenance application of 
sulphur and potassium, determined using Overseer® Version 5.4.11 (Wheeler et al. 2003) was applied 
to each of the lysimeters at the start of the trial, as potassium sulphate and potassium chloride at an 
application rate of 38, 32, 32 and 42 kg K ha-1 yr-1 and 3, 11, 11 and 10 kg S ha-1 yr-1 for the Horotiu, 
Waikiwi, Warepa silt loams and Taupo sandy loam, respectively. Pasture was cut every 30 days from 
October to April. The clippings were removed and oven dried at 65°C to determine pasture dry 
matter (DM) yield and bulked together over the trial. A sub-sample of pasture DM was ground, 
sieved to < 1 mm and total P determined via perchloric acid digestion at 200 °C with pre-digestion via 
nitric acid (Jones & Case 1990). 
One day after a drainage event, samples of leachate were collected from drainage bottles and 
supplemented by that collected under vacuum for each event. To minimise analytical demand, if the 
volume collected was less than 1 L this was frozen and bulked together with subsequent events, to 
reach 1 L cumulative total. While it is possible that the forms of P in leachate can change following 
freezing Haygarth et al. 1995)  it was impractical to analyse all samples immediately and freezing was 
a preferable alternative to refrigeration.  The effect of freezing on nitrate and ammonium 
concentrations in the leachate was not investigated. However, Clough et al. (2001) showed that 
while freezing soil leachate had the potential to cause transformations in N species the effect was 
small (< 2 mg L-1 for NH4-N and < 1 mg L
-1 for NO3-N). 
While particulate P has been shown to contribute to P loss to subsurface flow in soils exhibiting 
preferential flow due to erosion of soil from macropore walls (Simard et al., 2000). PP losses in this 
lysimeter trial may be an artefact of the experimental design with potential erosion of soil from the 
base of the core, especially in the tilled soils which were broken up and mixed before being repacked 
into the PVC tubes. As it would not be possible to differentiate between the treatment effect on PP 
losses and the contribution from the trail design, leachate was only analysed for dissolved P and not 
PP. Furthermore, visually leachate did not contain any particulates and the contribution from PP to P 
loss was thought to be minimal due to the presence of the sand filter in the end cap (McDowell & 
Monaghan 2002).  Therefore, leachate was only analysed for dissolved P. 
4.2.2 Soil and water analysis 
Leachate samples were left to defrost overnight at 4oC and filtered through a 0.45µm membrane. 
Samples were analysed for dissolved reactive P (DRP), and total dissolved P (TDP) after acid 
persulphate digestion (Rowland & Haygarth 1997), using the molybdate blue method of  Watanabe & 
Olsen (1965). Dissolved organic phosphorus (DOP) was calculated as the difference between TDP and 
DRP. A preliminary trial of leachate from the first drainage event compared the effect of freezing to 
samples that had not been frozen and stored at 4oC. This found no significant difference in the 
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relative proportion of dissolved P fractions in frozen or chilled samples across the four samples and 
hence it was decided to analyse defrosted samples for the remainder of the trial. For the first two 
months of the trial, nitrate and ammonium concentrations were determined using YSI Professional 
Plus multi-parameter meter with ion selective electrodes (Ohio, U.S.A), calibrated with flow injection 
analysis (FIA) of selected samples (Alpkem FS3000 twin-channel flow injection analyser, Texas, 
U.S.A.). Thereafter, concentrations were determined via FIA. 
At the end of the lysimeter trial the infiltration rate, in mm hr-1, used to give an indication of the 
presence of preferential flow paths, was determined in three replicate cores from each treatment 
and soil type using a tension infiltrometer under 1 KPa tension (McKenzie et al. 2002). Subsequently 
the soil from these lysimeters was split into three depths (0 – 75 mm, 75 – 150 mm and 150 – 220 
mm) and earthworm numbers at each depth counted. The soil was then oven dried at 65 °C and 
sieved to < 2mm. 
Soil samples taken at the start and end of the trial were analysed for a range of soil properties. Olsen 
P (Olsen et al., 1954), WEP and CaCl2-P (McDowell & Condron 2004) were determined. Soil pH was 
measured in water (1:2.5 soil-to-solution ratio), particle size was determined via gravimetric analysis 
(Gee & Bauder 1986) and total carbon (C) and nitrogen (N) were measured with an elemental 
analyser (Elementar Vario-Max CN Elemental Analyser, Hanau, Germany).  Finally, P retention, or 
anion storage capacity, was determined following the procedure of Saunders (1965). 
4.2.3 Statistical analysis 
Initial inspection of the data identified P concentrations and loads in the leachate collected from one 
lysimeter of the tilled Warepa silt loam soils as an outlier. There were problems with drainage from 
this lysimeter throughout the trial with the outlet becoming periodically blocked. For this reason it 
was decided to omit data from this lysimeter from all analyses. 
A restricted maximum likelihood (RMEL) analysis was carried out on the DRP and DOP data from each 
event across the length of the trial with the fixed model set to soil type x treatment x days since the 
start of the trial and the lysimeter number set as the random factor. The output showed that there 
was a change in the response of mean DRP and DOP concentration and load over the length of the 
trial with the change occurring following the fifth leaching event, 38 days following the start of the 
trial. Subsequently the results were split into two timeframes (i) the five weeks of the trial (38 days); 
and; (ii) the full length of the trial (455 days).  Total P loads in drainage collected over each timeframe 
were subjected to a two-way ANOVA combining soil type and treatment terms.  
Differences in dry matter (DM) yield and pasture P content were determined using a two-way 
ANOVA combining soil type and treatment terms. A paired t-test was used to determine the 
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differences in infiltration rates between the tilled and intact lysimeters of each soil type and a one 
way ANOVA was used to determine the differences in soil P concentrations for each soil type due to 
the treatments.    
Where used, specific comparisons were made between treatments with the least significant 
difference at the P < 0.05 (LSD05) level of significance. All statistical analyses were carried out using 
the statistical package GenStat (GenStat13 2010). 
 
4.3 Results and discussion 
Over the length of the trial there were seventeen leaching events evenly spaced throughout the year 
some ponding of water occurred on the soil surface of the Horotiu, Waikiwi and Warepa silt loams 
during heavy rainfall events. In contrast no surface ponding was observed for the Taupo sandy loam 
at any point during the trial. 
 There was no significant difference in the total amount of leachate collected over the length of the 
trial between any of the treatments or between soil types (Table 4.2).  The total rainfall and irrigation 
applied during this trial was 970 mm. While this close to the mean annual rainfall at Woodlands 
Research Station where the Waikiwi silt loam was collected and may reflect the total rainfall and 
irrigation expected on the Warepa silt loam taken From Invermay Agricultural Centre both the 
Horotiu silt loam and Taupo sandy loam would be exposed to higher rainfall conditions (Table 4.1). 
Therefore, greater leachate volumes may be expected for theses soils in their natural environment.  
4.3.1 Phosphorus leaching 
Tillage and the associated soil mixing led to a decrease in the total DRP load in leachate collected 
over the first five weeks of the trial compared to direct drill for all soils except the Taupo sandy loam 
(Fig. 4.1ai). The decrease is thought to be the result of redistributing P within the lysimeter and 
disrupting preferential flow pathways thereby forcing water to move as matrix flow and increased 
interaction of P with low P (and sorptive) soil. Preferential flow pathways have been shown to be less 
P sorptive than the bulk soil due to their regular transport of P and the saturation of P sorption sites 
on the pore walls (Sinaj et al. 2002). In contrast, Taupo soil, a coarse textured soil with 80% sand 
(Table 4.1) is a member of the Pumice soil order which tend to be well draining despite having little 
preferential flow (McLeod et al. 2001). The Taupo sandy loam showed no difference in infiltration 
rates between the treatments. Although rates were greater in the lysimeters of the other soil types 
simulating direct drill compared to the tilled soils, due to very large variation between replicates in 
the direct drill lysimeters this was only significant for the Warepa silt loam (P < 0.05) (Table 4.2). As 
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an indicator (and cause) of preferential flow, earthworm numbers were assessed in each treatment. 
Numbers in the Waikiwi silt loam were greater under direct drill compared to tilled soils (Table 4.2). 
These results suggested that preferential flow paths may have been present in the direct drill 
lysimeters to a greater extent than those subjected to tillage for all soils except the Taupo sandy 
loam.  
While tillage decreased DRP loss in the Horotiu, Waikiwi and Warepa silt loams during the first five 
weeks of the trial, the effect was not evident in the analysis of the full trial data (Fig. 4.1aii.). Schärer 
et al. (2007) found that tilling grassland soils decreased DRP loss to surface runoff compared to 
simply halting P fertiliser application, but that the effect was only significant during the first year of 
tillage. My results suggest that the effect of tillage on P loss to subsurface flow may also only be short 
lived, restricted to the first five weeks following cultivation.  
Long-term, McDowell & Condron (2004) suggested CaCl2-P might be useful as an indicator of the 
potential for P loss to subsurface flow. The CaCl2-P concentration at the end of the trial was less for 
the tilled soils compared to direct drill in the top 0– 75 mm of the Horotiu and Waikiwi silt loam due 
to the diluting effect of soil mixing (Table 4). However, while the mean DRP load from these soils was 
lower in leachate collected from the tilled compared with the direct drilled treatment during the first 
five weeks of the trial the differences in CaCl2-P did not reflect the annual P loss between 
treatments. Since CaCl2-P assesses P from a random sample of the soil, the utility in soils with 
significant macropore flow is likely to be less than matrix flow. Temporal variation in soil hydraulic 
parameters following tillage were observed by Schwen et al. (2011) who suggested that the number 
of hydraulically effective pores in a silt loam decreased immediately following tillage and then 
gradually increased in spring and summer due to increased biological activity, root proliferation and 
wetting and dry cycles. Similarly Djodjic et al. (2002) suggested that repeated freeze thaw cycles, two 
of which occurred during the length of the trial, can lead to the re-formation of macropores. While 
freeze-thaw events may occur under field conditions for the Warepa and Waikiwi silt loam due to the 
warmer winter temperatures in the North Island they are unlikely to be relevant to the Horotiu silt 
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loam where wet drying cycles will have more influence on macropore formation.  
 
 
Figure 4.2 Total mean (a) DRP and (b) DOP load, as kg P ha-1 in leachate collected over (i) the first 5 
weeks of the trial (38 days) and (b) the full trial length (455 days). Error bars show the least 
significant difference for the interaction between soil type and treatment at the P < 0.05 level of 
significance.  
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Table 4.2 Mean volume of leachate collected over the length of the trial in L, mean infiltration rate in 
mm hr-1, at the end of the trial for each treatment and soil type and the total number of earthworms 
found. The P value presented is from a paired t-test between the two treatments from each soil type. 
Values in parenthesis show one standard error of the mean.  
Soil order Treatment Total leachate  
collected (L) 
Infiltration rate  
(mm hr-1) 
Earthworm  
count 
Horotiu silt loam Tilled 10.1 (0.8) 71.5 (21.6) 0 
Direct drill 9.9 (0.3) 226.7 (81.8) 0 
P value 0.773 0.124 N/A 
Waikiwi silt loam Tilled 10.4 (0.3) 28.2 (6.3) 1 
Direct drill 9.9 (0.6) 62.8 (19.8) 11 
P value 0.504 0.311 0.010* 
Warepa silt loam Tilled 10.3 (0.6) 7.9 (0.4) 1 
Direct drill 11.6 (0.5) 19.8 (9.6) 2 
P value 0.218 0.012* 0.667 
Taupo sandy loam Tilled 10.5 (0.2) 139.8 (22.7) 0 
Direct drill 9.9 (0.7) 115.8 (29.7) 0 
P value 0.533 0.690 N/A 
* significant at P < 0.05 
4.3.2 Soil test P 
The soil samples taken at the time of soil core collection, and soil from the cores under direct drill at 
the end of the trial were enriched in Olsen P, WEP and CaCl2-P in the top 0-75 mm compared to the 
75 – 150 mm and 150 – 220 mm depths in all soils except the Warepa silt loam, where there was only 
a significant difference for Olsen P (Table 4.3). In contrast, cores under tillage showed no significant 
differences in these parameters with depth demonstrating the effectiveness of soil mixing to destroy 
soil P stratification. However, this did not result in a long-term reduction in P load lost to leachate. If 
there was significant reformation of macropores within these soils we suggest that the disruption of 
preferential flow paths through tillage was the most important mechanism for the reduction in P loss 
to subsurface flow and not the mixing of soil depths (i.e. source dilution). Furthermore, while the 
initial Olsen P concentrations in all soils except the Warepa silt loam were above the suggested 
agronomic optimum for pastoral soils on New Zealand sheep and beef farms of 20 – 30 mg P/kg 
(Morton & Roberts, 1999) they were did not exceed 40 mg P kg-1  and the management history of the 
sites is unknown. Soils with a long history of surface application of high rates of P fertiliser without 
periodic tillage of the soil can lead to extremely high Olsen P  concentrations in the surface soil. The 
decline in Olsen P following cessation of fertiliser application to pastoral soils was shown in Chapter 2 
to be exponential, hence a larger decrease in Olsen P might be observed in soils with a higher initial 
concentration and the effect of tillage may have been more pronounced in soils with higher initial 
Olsen P concentrations and a greater degree of stratification.  
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Water extractable P (WEP) has been shown to be a direct estimate of P loss to surface run-off 
McDowell & Sharpley 2001; McDowell & Condron 2004). Withholding P fertilisers from all of the soils 
led to a significant decrease in WEP concentration in the top 0-75 mm between the start and end of 
the trial for both treatments (P < 0.001) (Table 4.3). However, tillage led to a much greater decrease 
in WEP compared to direct drill. This suggests, in agreement with others (Sharpley 2003; Schärer et 
al. 2007), that tillage more so than direct drill may lead to a decrease in P loss to surface runoff, 
provided re-establishment of pasture gives protection from erosion and particulate P loss is the 
same. However, no time frame for this effectiveness can be determined from my study. 
4.3.3 Releative proportions of DOP and DRP in leachate 
There was no significant treatment effect on DOP load in leachate collected across the full trial length 
or during first five weeks (Fig. 4.1b). However, the ratio DOP to DRP was greater for the tilled Horotiu 
silt loam compared to direct drill (P < 0.05) (Fig. 4.2i.) fitting with my hypothesis that the relative 
proportion of DOP to DRP would vary according to tillage and/or soil type. I hypothesized that tilling 
the soil increased matrix flow leading to greater retention of DRP over DOP as water flowed through 
the soil. Many studies have shown DRP to be more strongly sorbed to soil than DOP, although this 
can depend on the species of DOP. For instance, Leytem et al. (2002) showed that orthophosphate 
monoesters are less favourably sorbed to soil than orthophosphate ions, but inositol hexaphosphate  
tends to be more strongly sorbed to the soil than orthophosphate. The Horotiu silt loam with the 
greatest P sorbing capacity (as measured by P retention, Table 4.1) would show the preferential 
sorption of DRP over DOP the strongest. However, further investigation of DOP species in leachate is 
also required to discount the loss of readily leachable DOP species in the Horotiu compared to the 
other soils.  
Over the whole trial, the Taupo sandy loam leached a greater proportion of DOP relative to DRP 
compared to the other soil types (Fig. 4.2ii), despite having a lower P retention than the Horotiu silt 
loam and a similar P retention to the Waikiwi silt loam. The main difference between the soils was 
texture (Table 4.1). The Taupo sandy soil had a much greater sand content than both the Horotiu and 
Waikiwi silt loams and appeared to exhibit matrix flow in both the tilled and direct drill treatments. 
As observed for the Horotiu silt loam it therefore appears that both flow path and P retention are 
important in determining the ratio of DOP to DRP. Similarly, Chapman et al.  (1997) showed that the 
proportion of DOP in soil-solution, indicative of matrix flow, was greater than that in leachate 
collected from lysimeters exhibiting preferential flow. The importance of flow paths is further 
evidenced by the temporary impact of tillage on the DOP to DRP ratio in the Horotiu silt loam (Fig 
4.2ii) and the possible reformation of macropores which may have increased preferential flow of 
DRP.  
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Table 4.3 Mean Olsen P, WEP, CaCl2-P, carbon and nitrogen concentration of soil samples taken during soil core collected (initial) and at the end of the trial for the 
treatments simulating tillage (tilled) and direct drill (direct drill). The least significant difference at the P < 0.05 level of significance is given for the comparison of 
soil type and treatment means and for the interaction of soil type and treatment terms and depth and treatment terms. 
Soil Treatment Olsen P (mg P kg
-1
) WEP (mg P L
-1
) CaCl2-P (mg P L
-1
) Soil C (g kg
-1
) Soil N (g kg
-1
) 
Sample depth (mm)  0-75  75-150  150-220  0-75  75-150  150-220   0-75  75-150  150-220  0-75  75-150  150-220  0-75  75-150  150-220  
Horotiu silt loam Initial 34 23 10 0.074 0.060 0.047 0.086 0.075 0.076 46 43 22 5.1 4.5 0.23 
Tilled 19 22 -
1 
0.050 0.045 -
1 
0.039 0.028 -
1 
44 40 -
1 
4.0 4.1 -
1 
Direct drill 
 
29 19 15 0.055 0.042 0.044 0.054 0.051 0.052 66 49 43 5.5 4.6 3.8 
Waikiwi silt loam Initial 37 21 14 0.076 0.059 0.057 0.094 0.083 0.043 57 41 31 5.5 4.1 3.1 
Tilled 21 21 22 0.045 0.050 0.051 0.044 0.037 0.026 58 52 50 4.0 4.2 4.1 
Direct drill 
 
35 20 14 0.067 0.051 0.045 0.063 0.035 0.037 70 47 40 5.4 3.9 3.3 
Warepa silt loam Initial 20 12 12 0.061 0.062 0.062 0.093 0.089 0.089 45 29 12 3.8 2.8 1.0 
Tilled 9 8 8 0.044 0.042 0.042 0.039 0.038 0.038 29 35 36 2.3 2.4 2.3 
Direct drill 
 
12 7 7 0.053 0.052 0.052 0.038 0.025 0.025 43 22 19 3.1 1.9 1.6 
Taupo sandy loam Initial 33 28 12 0.070 0.054 0.042 0.065 0.078 0.064 58 56 32 5.3 5.2 2.9 
Tilled 20 23 -
1 
0.041 0.039 -
1 
0.055 0.030 -
1 
54 48 -
1 
4.6 4.5 -
1 
Direct drill 
 
27 23 13 0.053 0.044 0.044 0.061 0.039 0.036 76 58 47 5.1 4.9 3.1 
LSD05 soil 3 4 2 0.006 0.007 0.004 0.013 0.009 0.017 4.5 5.5 9.3 0.3 0.5 0.6 
LSD05 treatment 3 4 2 0.005 0.006 0.003 0.011 0.008 0.013 3.9 4.6 8.1 0.3 0.4 0.5 
LSD05 soil x treatment 5 8 5 0.010 0.012 0.007 0.022 0.015 0.029 7.8 9.5 16.1 0.6 0.8 1.1 
LSD05 treatment x depth
2 
                3                0.005                0.009 6.2 0.4 
1 Over the length of the trial the soils under tillage had sunk slightly in the pvc pipes, as a consequence there was no 150 – 220 depth samples for either the 
Horotiu silt loam or the Taupo sandy loam. 
2 ANOVA analysis blocked by soil type. 
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Figure 4.3 Mean relative proportion of TDP lost as DOP compared to DRP over (i) the first 5 weeks of 
the trial (day 0 - 38) and (ii) the period following the first 5 weeks until the end of the trial (day 38 - 
455). Error bars show the least significant difference for the interaction between soil type and 
treatments at the P < 0.05 level of significance.  
4.3.4 Nitrogen leaching 
An initial peak in nitrate-N (Fig. 4.3) and ammonium-N load (Fig. 4.4) at the start of the trial was 
noted for all soil types. Nitrate dominated the total N loss from all soils, with ammonium loads 
relatively small by comparison (< 1 mg NH4
+-N lysimeter-1). During the first 90 days, tillage 
significantly increased the load of nitrate leached (P < 0.001), but did not affect ammonium.  
Between sample collection and installation of the trial, soil cores dried out for 30 days after which a 
large rainfall event occurred. Drying and rewetting may have contributed to the enhanced loss of 
nitrate and ammonium during the first 100 days of the trial for both treatments, whereby 
mineralisation of organic matter led to a rapid release of mineral N and CO2 (Birch 1958). It is well 
known that the loss of nitrate is magnified by cultivation (Whitmore et al. 1992) and the tilled soils 
leached more nitrate-N compared to the direct drill treatment (P < 0.001) during this initial flush.  
Following the initial flush of N from the soil, nitrate–N and ammonium–N concentrations in leachate 
from both treatments declined to concentrations below the detection limit for the rest of the trial. 
Furthermore, while soil C and N concentrations in the top 0–75 mm soil at the end of the trial were 
significantly greater in the direct drilled treatments compared with the tilled treatments (P < 0.05) 
(Table 4) this appears to be due to soil mixing with the tilled soils showing greater concentrations in 
the deeper layers and the total C and N content of the cores was similar for both treatments. This 
suggests that there while tillage may temporarily increase mineralisation of organic matter and N 
LSD05 LSD05 
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leaching the effect is short-lived. This is in agreement with Shepherd et al. (2001) who found that the 
effect of ploughing and reseeding grasslands on nitrate-N losses was short-lived with increased 
leaching losses only found in the first winter following ploughing. In grazed pastures, N leaching 
tends to be dominated by urine patch losses. Therefore in grazed systems to fully assess the effect of 
increased N leaching due to tillage I would need to consider the contribution of urine patches. The 
total N load in leachate collected from the tilled cores was 5.0, 18.9, 50.6 and 51.9 kg N ha-1 yr-1 for 
the Warepa silt loam, Horotiu silt loam, Taupo sandy loam and Waikiwi silt loam, respectively. Silva et 
al. (1999) investigated N leaching under a urine patch (1000 Kg N ha-1 yr-1) and calculated the total N 
load to be 124 kg N ha-1 yr-1. Assuming that 25 % of the paddock was covered in urine patches 
(Haynes & Williams 1993)this would result in a total N load of 33 kg N ha-1 yr-1 originating from urine 
patches. This suggests that the increase in N leaching due to tillage, especially from the Waikiwi silt 
loam and the Taupo sandy loam could make a significant contribution to the total N losses from a 
paddock in the few months after re-establishing pastures.  However, the cultivation event in this trial 
occurred in late summer and rainfall occurred the day following the trial set-up flushing nitrate out of 
the soil. The effect of tillage on N loss may be negated by cultivating pastures in late spring when the 
risk of large rainfall events inducing drainage is low and plant N uptake is high (Shepherd et al. 2001). 
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Figure 4.4 Mean nitrate N load, as kg N lysimeter-1, in leachate collected at each event over the 
length of the trial for; (i) Horotiu silt loam; (ii) Waikiwi silt loam; (iii) Warepa silt loam; and (iv) Taupo 
sandy soil. 
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Figure 4.5 Mean ammonium-N load, as kg N lysimeter-1, in leachate collected at each event over the 
length of the trial for; (i) Horotiu silt loam; (ii) Waikiwi silt loam; (iii) Warepa silt loam; and (iv) Taupo 
sandy loam. 
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4.3.5 Pasture production 
The pasture response to tillage was variable. There was no significant decrease in pasture yield for 
the Horotiu silt loam, Waikiwi silt loam and Taupo sandy loam following tillage despite the Olsen P 
concentration in the tilled soils falling below the agronomic optimum. The Warepa silt loam actually 
showed an increase in DM yield following tillage (P < 0.001) and therefore an increase in P export in 
pasture (Table 4.4). While, my data indicates that cultivation and reseeding of pasture will not 
significantly depress yield in most soils there is high variability between replicates and pasture 
growth could have been restricted by the depth of the shallow lysimeters (220 mm).Furthermore 
rainfall and temperature patterns throughout the year will greatly effect pasture production. 
Therefore, the pasture response should be examined on a field scale across different of soil types to 
get a good indicator of the effect of tillage on pasture production and the impacts of the local 
climate.  
 
Table 4.4 Mean total dry matter yield, in g lysimeter-1, and total phosphorus removed in pasture over 
the length of the trial, in mg P lysimeter-1. The least significant difference at the P < 0.05 level of 
significance is given for the comparison between soil type and treatment means and the interaction 
between soil and treatment terms. 
Soil order Treatment Dry matter yield (g lys-1) Pasture P export (mg P lys-1) 
Horotiu silt loam Tilled 7.06 18.8 
 Direct drill 6.86 18.7 
Waikiwi silt loam Tilled 7.27 23.2 
 Direct drill 9.41 31.6 
Warepa silt loam Tilled 8.80 22.7 
 Direct drill 4.84 11.1 
Taupo sandy loam Tilled 6.15 14.4 
 Direct drill 4.93 12.3 
 
LSD05 soil   1.59 3.7 
LSD05 treatment  1.13 2.6 
LSD05 soil x treatment  2.25 5.2 
 
 
4.4 Conclusion 
Using lysimeters we found that tilling P enriched soils led to a decrease in topsoil P concentrations 
and decreased P loss in subsurface flow or leachate in soils where there was an indication of 
preferential flow paths. However, P losses were only affected during the first month of the trial. 
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Furthermore, tillage led to a large increase in nitrate leaching during the initial N flush, likely due to 
mineralization of organic matter. Therefore, this study suggests that while tillage temporarily 
decreased soil P concentrations in leachate compared to direct drill, it is unlikely to be a long-term 
solution to decrease P losses compared to direct drill and also has the downside of increasing N 
losses, although this may be mitigated through cultivating in spring. However, in areas of a 
catchment where surface runoff is the main contributor to P loss a decrease in topsoil (0-75 mm 
depth) WEP concentrations in the tilled soils suggest they may contribute much less P to surface 
runoff than direct drill, but the relative load and longevity of this effect is unknown. 
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Chapter 5  
Can manipulation of nitrogen and phosphorus fertiliser regimes 
decrease phosphorus loss from P enriched pastoral soils under a cut 
and carry system? 
5.1 Introduction 
As outlined in Chapter 1, phytoextraction of P through the cessation of P fertiliser inputs and cutting 
and removal of the biomass has been proposed as a strategy to reduce the potential for P loss from P 
enriched soils. In mixed grass/clover pastures plant growth is generally N limited and increased N 
fertiliser application will increase pasture growth leading to an increase in plant uptake of P (Perring 
et al. 2009). Pot experiments have demonstrated the potential of this strategy to decrease soil P 
concentrations (Koopmans et al.  2004b) and decreased DRP concentrations in soil solution extracted 
from field trial soils have also been observed (van der Salm et al. 2009). However, there has been no 
direct measurement of P loss to water. Furthermore, to address concerns over the effect of halting P 
fertiliser application on productivity it would be beneficial to determine the effect of applying a low 
rate of P fertiliser, with and without N fertiliser on the effectiveness of the cut and carry strategy.  
In addition to affecting pasture production, application of N and P fertilisers may have implications 
on below ground productivity and the cycling of nutrients. Soil microorganisms play an important 
role in the immobilisation and release of nutrients for plant uptake and loss to leaching (Blackwell et 
al. 2009). While, various studies have found a decline in microbial C, N and P content following the 
application of nitrogen fertiliser (e.g. He et al. 1997; Li et al. 2013), P fertilisation has been shown to 
increase microbial P and C content (He et al. 1997; Griffiths et al. 2012)and rapid microbial growth 
has a high P requirement to facilitate DNA replication and ribosome production (Elser et al. 1996). 
Furthermore, Olander & Vitousek (2000) suggested that microbial supply of P is coupled to demand, 
in part through the release of phosphatase enzymes, maintaining soil solution P at levels which meet 
plant requirements but never greatly exceed it. Similarly, phosphatase activity has also been shown 
to be affected by fertiliser regime with N application increasing activity and P application suppressing 
activity (Marklein & Houlton 2012).  
The overall aim of this study was to assess the proposed strategy of applying  N fertiliser and cutting 
and removal of the biomass to increase plant off-take of P and reduce P loss, without the application 
of P fertiliser and with the application of half of the P fertiliser required to maintain existing Olsen P 
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concentrations (termed half maintenance) and to test the following two hypotheses:  based on a cut 
and carry system; 
 (1) increased application of N fertiliser will increase P off-take in pasture and thereby reduce P loss 
to subsurface flow compared to simply withholding P fertiliser and;  
(2) application of a half maintenance rate of P fertiliser can stimulate microbial growth, immobilise P 
within the microbial biomass and supress exudation of phosphatase enzyme, decreasing soil solution 
P and leachate P loss. 
This was achieved using lysimeters of a range of New Zealand soil types and applying N and P 
fertilisers in a factorial design with three rates of N fertiliser, zero, 150 and 300 N ha-1 yr-1 and two 
rates of P fertiliser, zero and half maintenance application.  As outlined in Chapter 1 the N fertiliser 
application rates were chosen to reflect the N application rate applied to the low input, low stocking 
rate system on Lincoln University Dairy farm (150 kg N ha-1 yr-1) and a high N application at twice this 
rate (i.e. 300 kg N-1 yr-1) but still below the 400 kg N ha-1 yr-1 above which increased N leaching has 
been demonstrated (Ledgard et al. 1996). 
In addition to DRP DOP was determined. Since DOP can contribute to algal growth through the 
release of orthophosphate by phosphatase enzymes (Whitton et al. 1991) and seasonal effects on 
DOP leaching have been observed (Turner & Haygarth 2000) enzyme hydrolysis was used to 
determine the bioavailability of this fraction from two leachate events one in winter and one in late 
spring. In addition to dissolved P, leachate was assessed for dissolved inorganic nitrogen fractions to 
ensure the application of additional nitrogen fertiliser will not lead to unacceptable levels of N 
leaching. Soil microbial biomass C, N and P were determined at the end of the trial along with soil 
phosphatase activities to assess the effect of fertiliser regime on biological nutrient cycling.  
 
5.2 Materials and methods 
5.2.1 Lysimeter setup 
Grazed pasture sites were selected on three contrasting soil types with similar known Olsen P 
concentrations, namely a Horotiu silt loam, a Waikiwi silt loam and a Taupo sandy loam (Table 5.1). 
The pasture was a mixture of ryegrass (Lolium perenne L.) and clover (Trifolium repens L.). Twenty-
four lysimeter cores (22 cm deep by 16 cm diameter) were taken of each soil by the same method as 
outlined in section 4.2.1 and five replicate soil samples were taken from each site at three depths, 0 – 
75 mm, 75 – 150 mm and 150 – 220 mm. The soil cores were transported to the Invermay 
Agricultural Centre in Mosgiel. An end cap, filled with acid washed silica sand, was attached to the 
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base of each lysimeter and petroleum jelly was used to seal the gap between the edge of the intact 
soil core and the PVC pipe to prevent edge-flow along the lysimeter walls. An outlet hole in the end 
cap allowed collection of the leachate. The assembled lysimeters were then dug into a bank of a 
dedicated outdoor collection facility. 
Table 5.1 Location of field sites from which the lysimeters were taken, the soil type and soil 
properties at the 0 -75 mm depth. Values in parenthesis show one standard error of the mean. The 
location of each field site is shown on a map in Fig. 4.1. 
Sampling location Soil type (New Zealand 
soil classification) 
pH Particle size 
(% sand; clay; 
silt) 
P 
retention 
(%) 
Initial 
Olsen P 
(mg kg
-1
) 
C/N 
Ruakura Research 
Centre, Waikato, NZ 
Horotiu Silt Loam 
(Typic Orthic 
Allophanic soil)  
4.9 
(0.04) 
60 
20 
20 
72 (4) 34 (2) 9.1 
(0.15) 
Woodlands Research 
Station, Southland, NZ 
Waikiwi silt loam 
(Typic Firm Brown soil) 
5.0 
(0.02) 
20 
30 
50 
53 (1) 37 (1) 10.3 
(0.30) 
Rerewhakaaitu Farm, 
Bay of Plenty, NZ 
Taupo sandy loam 
(Immature Orthic 
Pumice soil) 
4.4 
(0.02) 
80 
10 
10 
51 (2) 33 (2) 11.0 
(0.22) 
    
The trial commenced February 2011 and ran for 451 days. During this time there was a total of 790 
mm of rainfall. To supplement rainfall over the drier summer months, 12.5 mm irrigation was applied 
to each lysimeter every fortnight during February and March, 2011 and from December to February, 
2012, yielding a total rainfall + irrigation depth of 970 mm. Nitrogen was applied as urea at three 
rates, zero, 150 and 300 kg N ha-1 yr-1, in five split applications of 30 and 60 kg N ha-1 across the grass 
growing season of August to May. Phosphorus was applied as superphosphate at two rates, zero and 
half maintenance P in one application at the start of the trial and a second application in February 
2012, along with a maintenance application of sulphur (S) and potassium (K), taking into account the 
S supplied by superphosphate, as potassium sulphate and potassium chloride. The maintenance rates 
were calculated from the initial Olsen P concentration in Overseer® Version 5.4.11 (Wheeler et al. 
2003) and corresponded to an application rate of 17, 14 and 19 kg P ha-1 yr-1; 38, 32 and 42 kg K ha-1 
yr-1 and 3, 11 and 10 kg S ha-1 yr-1 for the Horotiu silt loam, Waikiwi silt loam and Taupo sandy loam 
respectively. Pasture was cut every 30 days from October to April.  
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5.2.2 Pasture analysis 
The clippings were removed and oven dried at 65 °C to determine pasture DM yield. A sub-sample of 
pasture DM was ground and sieved to < 1  mm. Total P was determined via perchloric acid digestion 
at 200 °C with pre-digestion via nitric acid (Jones & Case 1990)and total carbon (C) and N content 
were determined with an elemental analyser (Elementar Vario-Max CN Elemental Analyser, Hanau, 
Germany).  
In order to determine the effect of fertiliser regime on the nutrition status of the pasture the 
nitrogen and phosphorus nutrition indices were determined (termed NNI and PNI). NNI is the ratio of 
the measured N content of pasture to the optimal N content for pasture growth as determined by 
the dry matter yield and was calculated according to equation 5.1 as outlined for C3 grasses by 
(Lemaire et al. 2008).  
 NNI = Nm / (4.8 x DMm
-0.32)      [Eq. 5.1.]   
Where Nm is the measured N (%) content of the pasture and DMm is the measured dry matter yield 
expressed in t ha-1. NNI values below 1 indicate N deficiency in the pasture while NNI values above 1 
indicate luxury uptake of N.  The relationship between N and P content in herbage has been shown 
to be linear allowing the optimal P content in pasture to be determined from the N content. Hence, 
the PNI was calculated from equation 5.2 as proposed by (Duru & Ducrocq 1996). 
 PNI = Pm/ (0.15 + 0.065 x Nm)     [Eq. 5.2.] 
Where Pm is the measured P (%) in pasture.  As for N, PNI values below 1 indicate P deficiency in the 
pasture and PNI values above 1 indicate luxury uptake of P. 
5.2.3 Leachate analysis 
As for the tillage lysimeter study described in Chapter 4 one day following a drainage event, samples 
of subsurface leachate were collected from drainage bottles and supplemented by that collected 
under vacuum. To minimise analytical demand, if the volume collected was less than 1 L this was 
frozen and bulked together with subsequent events, to reach 1 L cumulative volume. Leachate was 
only analysed for dissolved P as particulate P was not expected to significantly contribute to total P 
loss in sub-surface flow due to the presence of the sand filter in the end cap (McDowell & Monaghan 
2002). Visually, leachate collected during the trial did not contain any particulates. 
Samples of flow were left to defrost overnight at 4 °C and were filtered through a 0.45 µm 
membrane. Samples were analysed for dissolved reactive P (DRP) and total dissolved P (TDP), after 
acid persulphate digestion (Rowland & Haygarth 1997), using the molybdate blue method of 
Watanabe & Olsen (1965). Dissolved organic P (DOP) was calculated as the difference between TDP 
and DRP. As discussed in Chapter 4, a preliminary trial of flow from the first drainage event 
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compared the effect of freezing to samples that had not been frozen and stored at 4oC. This found no 
significant difference in the relative proportion of dissolved P fractions in frozen or chilled samples 
across the three soil types and hence it was decided to analyse defrosted samples for the remainder 
of the trial. For the first two months of the trial, nitrate and ammonium concentrations were 
determined using YSI Professional Plus multi-parameter meter with ion selective electrodes (Ohio, 
U.S.A), calibrated with flow injection analysis (FIA) of selected samples (Alpkem FS3000 twin-channel 
flow injection analyser, Texas, U.S.A.). Thereafter, concentrations were determined via FIA. Nitrogen 
and P loss to leachate is reported as the total load leached over the length of the trial in kg ha-1. 
Enzyme assays using alkaline phosphomonoesterase (EC 3.1.3.2), phosphodiesterase (EC 3.1.4.1) and 
phytase (EC 3.1.3.8) were run on leachate collected from two drainage events, one in July 2011 (early 
winter) and one in November 2012 (late spring) using a method modified from Turner et al. (2002) by 
McDowell & Koopmans (2006). In brief, 0.1 M sodium azide (added to prevent microbial growth or P 
uptake) and the appropriate buffered enzyme mixture (Tuner et al. 2002) were added to a sample of 
leachate in a ratio of 1:1:9 and incubated overnight at 37 °C along with a control sample containing 
leachate and buffer but no enzyme. The calibration samples for P determination were also incubated 
with and without the enzyme to account for any P released from the enzyme itself. Following 
incubation the P content in the samples and controls was determined via the molybate blue method 
of Watanabe & Olsen (1965). The enzyme hydrolysed P for each assay was determined as the 
difference between P in the sample and control. Hydrolysis of phosphodiesters requires cleavage of 
both diester and monoester bonds and phosphomonoesterase was added to the enzyme assay along 
with phosphodiesterase, the concentration of the diester fraction was then determined as the P 
hydrolysed by the mixture of phosphomonoesterase and phosphodiesterase minus the  P hydrolysed 
by phosphomonoesterase alone.     
5.2.4 Soil analysis 
Soil samples taken at the time of lysimeter core collection were oven dried at 65 °C and sieved < 
2mm. Olsen P was determined by extraction in 0.5 M NaHCO3 in a 1:20 soil-to-solution ratio (Olsen et 
al. 1954), WEP was determined by extraction with deionised water in a 1:300 soil-to-solution ratio 
(McDowell & Condron 2004), soil pH was measured in water (1:2.5 soil-to-solution ratio), particle size 
was determined via gravimetric analysis (Gee & Bauder 1986) and total carbon (C) and nitrogen (N) 
were measured with an elemental analyser (Elementar Vario-Max CN Elemental Analyser, Hanau, 
Germany).  Finally, P retention, otherwise known as anion storage capacity, was determined 
following the procedure of Saunders (1965). 
At the end of the leaching trial a 75 mm deep soil core was taken from each of the lysimeters in 
October 2012. Field moist soils were sieved to < 2mm and soil microbial biomass, C, N and P was 
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determined on the day of sample collection. The remaining soil was stored < 4 °C and analysed for 
phosphatase activity within 4 days of collection. Following microbial and enzyme analysis soil 
samples were oven dried at 65 °C for: total C and N concentration, total P, determined via perchloric 
acid digestion at around 200 °C on samples pre-digested with nitric acid (Sommers & Nelson 1972), 
Olsen P and WEP. 
Soil microbial biomass 
Soil microbial biomass C, N and P (MBC, MBN and MBP) were determined by chloroform fumigation-
extraction adapted from methods of Brookes et al. (1984) and McLaughlin et al. (1986) for MBP and 
Brookes et al. (1985) and Vance (1987) for MBC and MBN.  1 g (for P) or 10g (for C and N) dry weight 
equivalent of field moist soil were fumigated with chloroform (2:1 soil to chloroform ratio), 
incubated at 25 °C for 16 hrs. along with a set of unfumigated samples and subsequently extracted 
with 0.5 M NaHCO3 (for P, 1:20 soil to extractant ratio) or 0.5 M K2SO4 (for C and N, 1:5 soil to 
extractant ratio). In addition, for MBP a third set of unfumigated, incubated samples were extracted 
with 0.5 M NaHCO3 plus a P spike, 25 mg P kg
-1 soil (as KH2PO4) to account for P sorption during 
extraction. The P content in the extracts was determined using the molybdate blue method of 
Watanabe & Olsen (1995), the C content was determined with a total organic carbon analyser 
(Shimadzu TOC-5000A, Australia) and N content was determined via flow injection analysis following 
persulphate oxidation (Cabrea & Beare 1993). Soil MBP content was calculated from Eq. 5.3; 
                                    [Equation 5.3]  
Where a is the concentration of P in the unfumigated soil, b is the concentration of P in the 
fumigated soil, c is the concentration of P in the P spiked unfumigated soil, 25 is the correction factor 
for the amount of P added during extraction of the P spiked sample and kp is the correction factor to 
estimate the proportion of P in the biomass which is extractable by CHCl3. 
MBC and MBN were calculated by Eq. 5.4; 
                                [Equation 5.4] 
Where a is the concentration of C or N in the unfumigated soil, b is the concentration of C or N in the 
fumigated soil and kp is the correction factor. 
Kp values of 0.5 for C and N (Jenkinson et al. 2004) and 0.4 for P (Brookes et al. 1984) were used and 
MBC, MBN and MBP concentrations were reported in mg kg-1 and converted to mmol kg -1 to assess 
the effect of fertiliser application on the molar C:N:P ratios in the microbial biomass. 
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Phosphatase activity 
Acid phosphomonoesterase and phosphodiesterase activity within the soil were determined using 
the method of Tabatabai (1994). To determine phosphomonoesterase and phosphodiesterase 
activity, 0.5 M Tris-malate buffer (adjusted to pH 6.5) and 5 mM para-nitrophenyl phosphate or 0.5 
M Tris-malate buffer (adjusted to pH 8) and 1 mM bis-para-nitrophenyl phosphate were added to 0.5 
g dry weight equivalent of soil sample in a 2:1:1 ratio respectively. Samples were incubated in a 
water bath at 37 °C for 1 hour along with a set of controls containing soil and buffer but not the 
substrate. Following incubation the reaction was terminated by the addition of 0.5 ml 0.5 M CaCl2 
and 2 ml 0.5 M NaOH and at this point the appropriate substrate was added to the control samples. 
The quantity of para-nitrophenol (pNP) released for both the samples and controls was determined 
colorimetrically at 410 nm, phosphatase activity was calculated as pNP detected in the sample minus 
that in the control and expressed as µg pNP g-1 hr-1.   
5.2.5 Statisitical analysis 
The study design contains three soil types, six fertiliser treatments each with four replicates: 
1. Zero N and Zero P (0N0P) 
2. Zero N and half maintenance P (0N1/2P) 
3. 150 kg N ha-1 yr-1 and zero P (150N0P) 
4. 150 kg N ha-1 yr-1 and half maintenance P (150N1/2P) 
5. 300 kg N ha-1 yr-1 and zero P (300N0P) 
6. 300 kg N ha-1 yr-1 and half maintenance P (300N1/2P) 
Results were subjected to a two-way analysis of variance by treatment x soil type. Specific 
comparisons between treatments but within each soil type were made using Duncan’s Multiple 
Range Test with the least significance difference set at P < 0.05 (LSD05). All statistical analyses were 
carried out using the statistical package GenStat (GenStat13 2010). 
 
5.3 Results  
Initial soil chemical data for the top 0 – 75 mm of soil, at the time of sample collection are presented 
in Table 5.1. Olsen P ranged from 33 mg P kg-1 on the Taupo sandy loam to 37 mg P kg-1 on the 
Waikiwi silt loam while WEP concentration ranged from 0.070 mg P L-1 on the Taupo sandy loam to 
0.076 mg P L-1 on the Waikiwi silt loam. The Taupo sandy loam had the highest sand content at 80 % 
compared to 60 % for the Horotiu silt loam and 20 % for the Waikiwi silt loam. The Horotiu silt loam 
had a high P retention of 72 % compared to 53 % and 51 % for the Waikiwi and Taupo soils 
respectively. 
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5.3.1 Pasture response 
The application of N increased (DM) yield at both N rates across all three soil types (Table 5.2). Across 
soils a significant increase in DM yield following N application was coupled with a significant increase 
in P export in pasture (Table 5.3). However, there was no difference in DM yield between the two 
rates of N. The application of half maintenance rate of P fertiliser did not increase DM yield (Table 
5.2). The NNI and PNI showed large variation between replicates. The NNI suggests that pasture was 
N deficient in the 0N0P treatment for the Taupo sandy loam and application of N significantly 
increased the NNI reducing N deficiency (Table 5.2). There was no significant difference in NNI 
between treatments in the Horotiu or Waikiwi silt loams and both the NNI and PNI suggest that the 
pasture has adequate N and P content regardless of the fertiliser regime (i.e. the indices were close 
to 1). No variation in the pasture N to P ratio was observed across any of the treatments for any of 
the soil types (data not shown).  
5.3.2 Phosphorus leaching 
A total of 16 leaching events occurred over the length of the trial, evenly spaced throughout the year 
(Fig. 5.1). The application of N decreased the total volume of leachate collected over the trial across 
all three soil types (Table 5.2), albeit only for the 300N rate in the Horotiu soil. For the Waikiwi and 
Taupo soils, N application significantly decreased both the mean DRP concentration in leachate (Fig 
5.2) and the total DRP load leached over the trial length compared to the control 0N0P treatment 
(Table 5.3), but no significant difference between treatments was seen for the Horotiu silt loam.  
Interestingly, application of a half maintenance P fertiliser decreased the mean DRP concentration 
(Fig 5.2) and DRP load compared to the 0N0P treatment in the Waikiwi and Taupo soils. This 
decrease was of a similar magnitude to those soils receiving N fertiliser (Table 5.3).  
There was no significant difference in the mean annual DOP load (Table 5.3) or concentration in 
leachate for any of the treatments compared to the control 0N0P (Fig 5.3). However, for the Horotiu 
and Waikiwi silt loams there was clear seasonality observed in DOP concentrations with a maximum 
DOP concentration found in leachate during the spring/summer period (Fig. 5.1). For the two 
leachate samples collected for enzyme hydrolysis, the DOP concentration in leachate collected in late 
spring (November) was greater than that collected in winter (July) for all soil types (Table 5.4). The 
phosphomonoesterase and phosphodiesterase hydrolysable P concentrations were also greater in 
spring, while phytase hydrolysable P concentration was greater in winter for the Horotiu silt loam 
and Taupo sandy loam.  
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In the spring leachate, phosphomonoesterase and phosphodiesterase hydrolysable P concentrations 
were greater in the 300N0P and 300N1/2P treatments on the Horotiu silt loam and Taupo sandy 
loam (Fig. 5.4). Phosphatase data for the Waikiwi soil were too variable to detect a difference.  
Across all soil types the largest proportion of DOP was hydrolysed with phosphodiesterase.  
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Figure 5.1 Mean DOP concentration in leachate collected across all treatments for each soil type following each leaching event. Bars show the rainfall and 
irrigation over the length of the trial and triangles show the date of application of nitrogen, sulphur, phosphorus and potassium. The error bar shows the least 
significant difference for comparison between soil type means at the P < 0.05 level of significance. 
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Table 5.2 Mean total leachate (in L) collected over the length of the trial, total dry matter yield (in t ha-1 yr-1), nitrogen nutrition index (NNI) and phosphorus 
nutrition index (PNI) of the pasture. The least significant difference at P <0.05 level of significance is presented for the comparison of treatment and soil type 
means and the interaction of treatment and soil type terms. Letters denote significant differences between treatments within each soil type at the P < 0.05 level of 
significance determined via the Bonferroni method of multiple comparisons.   
 Total leachate 
collected (L) 
 Dry matter yield (t ha
-1 
yr
-1
) 
NNI PNI 
Treatment Horotiu 
silt loam 
Waikiwi 
silt loam 
Taupo 
sandy 
loam 
Horotiu 
silt 
loam 
Waikiwi 
silt loam 
Taupo 
sandy 
loam 
Horotiu silt 
loam 
Waikiwi silt 
loam 
Taupo 
sandy 
loam 
Horotiu silt loam Waikiwi silt loam Taupo sandy 
loam 
0N0P 9.49 10.04 11.00 3.5 5.1 1.9 0.76 0.96 0.52 0.92 0.90 0.93 
0N1/2P 9.79 8.62 9.70 4.5 4.6 2.8 0.080 0.88 0.71 1.04 1.07 1.02 
150N0P 8.64 8.42 7.94 5.8 6.0 4.4 0.95 0.88 0.79 0.79 0.95 0.71 
150N1/2P 8.22 7.24 6.74 6.5 6.9 4.6 0.87 0.93 0.73 0.97 1.13 0.95 
300N0P 8.07 7.53 7.57 6.9 8.7 7.0 0.92 1.02 0.96 0.94 0.90 0.83 
300N1/2P 7.25 6.64 6.03 7.2 7.8 6.4 0.96 0.91 0.89 0.84 0.93 0.90 
LSD05 
Treatment 1.14   
0.9   0.80   0.80   
LSD05 Soil 0.81   0.6   0.12   0.11   
LSD05 
Treatment x Soil       1.97   
1.6   0.21   0.19   
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Table 5.3 Mean phosphorus inputs, export in pasture, loss to leaching and P balance (all values given in kg P ha-1 yr-1). The least significant difference at the P < 
0.05 level of significance is presented for the comparison of treatment and soil type means and the interaction of treatment and soil type terms.  
 Horotiu silt loam Waikiwi silt loam Taupo sandy loam 
Treatment P 
input  
P export in 
pasture 
P lost to 
leaching 
P 
balance  
P 
input  
P export in 
pasture 
P lost to 
leaching  
 P 
balance  
P 
input  
P export in 
pasture 
P lost to 
leaching  
P 
balance  
   DRP DOP    DRP DOP     DRP  DOP  
0N0P 0 10 0.20 0.09 -10 0 15 0.32 0.12  -15 0 5 0.25 0.07 -5 
0N1/2P 17 14 0.19 0.12 3 14 16 0.12 0.08  -2 19 8 0.08 0.05 11 
150N0P 0 15 0.17 0.10 -15 0 17 0.15 0.12  -18 0 10 0.07 0.08 -10 
150N1/2P 17 19 0.19 0.07 -2 14 24 0.13 0.08  -10 19 12 0.09 0.05 6 
300N0P 0 20 0.11 0.11 -20 0 24 0.10 0.12  -24 0 18 0.06 0.08 -18 
300N1/2P 17 19 0.10 0.10 -2 14 22 0.12 0.10  -8 19 17 0.05 0.05 1 
LSD05 Treatment 3 0.06 0.02 3            
LSD05 Soil  2 0.05 0.02 2            
LSD05 Treatment x Soil 5 0.11 0.04 5            
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Figure 5.2 Mean DRP concentration in leachate collected from the lysimeters in mg P L-1. Letters 
denote significant differences between treatments within each soil type at the P < 0.05 level of 
significance determined via Duncan's Multiple Range test.
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Figure 5.3 Mean DOP concentration in leachate collected from the lysimeters (in mg P L-1). Letters 
denote significant differences between treatments within each soil type at the P < 0.05 level of 
significance determined via Duncan’s Multiple Range test and error bars show the least significant 
difference at the P < 0.05 level of significance (LSD05) for the interaction between treatment and soil 
type terms. 
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Table 5.4 Mean DOP concentration (mg P L-1) and specific enzyme hydrolysable P fractions across all treatments as affected by season. The least significant 
difference at the P < 0.05 level of significance is presented for the comparison of season and soil type means and for the interaction of season and soil type terms.  
Soil type DOP Phosphomonoesterase 
hydrolysed P (mg P L-1) 
Phosphodiesterase 
hydrolysed P (mg P L-1) 
Phytase hydrolysed P 
(mg P L-1) 
Total hydrolysed P 
(mg P L-1) 
 Spring Winter Spring Winter Spring Winter Spring Winter Spring Winter 
Horotiu silt 
loam 
0.057 0.013 0.011 0.005 0.037 0.003 0.006 0.009 0.054 0.017 
Waikiwi silt 
loam 
0.073 0.013 0.010 0.005 0.047 0.007 0.007 0.008 0.064 0.020 
Taupo sandy 
loam 
0.041 0.013 0.009 0.005 0.035 0.004 0.004 0.009 0.048 0.018 
LSD05 season 0.008  0.002  0.007  0.002  0.008  
LSD05 soil 0.010  0.003  0.009  0.002  0.009  
LSD05 season x soil 0.014  0.004  0.013  0.003  0.013  
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Figure 5.4 Mean enzyme hydrolysable P and DOP concentration in leachate collected during a late spring (November) drainage event. Error bars show the least 
significant difference between treatments at the P < 0.05 level of significance (LSD05). 
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5.3.3 Nitrogen leaching 
Nitrate dominated dissolved inorganic N in the leachate of all soil types (Table 5.5). The 300N0P and 
300N1/2P treatments exhibited a greater load of nitrate lost from the Horotiu silt loam than other 
treatments. No treatment effects were noted for ammonium in the Horotiu soils, or for ammonium 
or nitrate in the other soils (Table 5.5).  
5.3.4 Microbial response 
The microbial biomass P (MBP) concentration was significantly greater in the 0N1/2P, 150N1/2P and 
300N1/2P treatments compared to the 0N0P control within the Waikiwi and Taupo soils, but not the 
Horotiu (Table 5.6). Across all three soil types, 150N0P and 300N1/2P treatments showed a decrease 
in the microbial biomass N (MBN) compared to the 0N0P treatment.   
 
Application of N increased phosphomonoesterase activity in the Horotiu silt loam and 
phosphodiesterase activity in the Waikiwi silt loam (Table 5.6). In the Waikiwi silt loam 
phosphodiesterase activity was significantly correlated to DM yield (r2 = 0.51, P < 0.05).  
5.3.5 Nutrient balance 
The nutrient balance was calculated as the amount of N or P applied over the trial minus that 
removed during cutting and removal of the biomass plus that lost to leachate. N application 
decreased the P balance (more negative) across all soil types with a larger decrease compared to the 
0N0P treatment at the 300N than the 150N rate (Table 5.3). The P balance 0N1/2P treatment was 
close to zero for the Horotiu and Waikiwi silt loams, but positive in the Taupo sandy loam. N 
application did not significantly decrease the soil P, Olsen P and WEP concentration determined at 
the end of the trial compared to the 0N0P treatment, while for the Waikiwi silt loam the soil P, Olsen 
P and WEP concentration in the 0N1/2P treatment increased (Table 5.6).  
 
N application increased the N balance (more positive) compared to the 0N0P treatment across all soil 
types with, as expected, a larger increase at the higher N application rate (Table 5.5). However, there 
was no difference in soil N concentration at the end of the trial between any of the treatments (Table 
5.6).    
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Table 5.5 Mean nitrogen inputs, export in pasture, loss to leaching and N balance (all values given in kg N ha-1 yr-1). The least significant difference at the P < 0.05 
level of significance is presented for the comparison of treatment and soil type means and the interaction between treatment and soil type terms.  
 Horotiu silt loam Waikiwi silt loam Taupo sandy loam 
Treatment N input N export in 
pasture 
N lost to 
leaching 
N balance N export in 
pasture 
N lost to 
leaching 
N balance N export in 
pasture 
N lost to 
leaching 
N balance 
   NO3
--N NH4
+-N   NO3
--N NH4
+-N   NO3
--N NH4
+-N  
0N0P 0 88 0.56 0.25 -89 140 0.52 0.23 -141 41 0.52 0.26 -42 
0N1/2P 0 116 0.60 0.23 -116 119 0.48 0.22 -120 73 0.55 0.25 -74 
150N0P 150 152 0.70 0.23 -3 143 0.73 0.22 6 103 0.34 0.22 46 
150N1/2P 150 151 0.58 0.23 -2 167 0.57 0.23 -18 99 0.37 0.22 50 
300N0P 300 165 0.92 0.22 134 213 0.76 0.22 86 175 0.55 0.23 125 
300N1/2P 300 182 0.89 0.22 117 176 0.63 0.22 123 152 0.32 0.22 147 
LSD05 Treatment 32 0.20 0.01 32         
LSD05 Soil   23 0.14 0.01 23         
LSD05 Treatment x Soil 55 0.35 0.02 55         
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Table 5.6 Mean soil microbial biomass C, N and P (mg P kg-1), phosphomonoesterase and phosphodiesterase activity (µg pNP g-1 hr-1), soil C, N and P (g kg-1), Olsen 
P (mg kg-1) and WEP (mg P L-1) in 0 - 75 mm deep soil samples taken at the end of the trial. Letters denote significant differences between treatments within each 
soil type at the P < 0.05 level of significant determined via Duncan’s Multiple Range test. The least significant difference at the P < 0.05 level of significance is 
presented for the comparison of treatment and soil type means and the interaction between treatment and soil type terms.  
Treatment MBC 
 (mg C kg
-1
) 
MBN  
(mg N kg
-1
) 
MBP  
(mg P kg
-1
) 
Phosphomonoesterase 
activity (µg pNP g
-1 
hr
-1
) 
Phosphodiesterase 
activity (µg pNP g
-1
 hr
-1
) 
Soil C 
 (g C kg
-1
) 
Soil N  
(g N kg
-1
) 
Soil P  
(g P kg
-1
) 
Olsen P 
(mg P kg
-1
) 
WEP    
(mg P L
-1
) 
Horotiu silt loam 
0N0P 692
b 
63
bc 
36
a 
2.27
a 
0.62
a 
62
a 
6.27
a 
1.44
a 
36
a 
0.051
a 
0N1/2P 485
a 
56
b 
45
ab 
2.11
a 
0.54
a 
65
a 
5.93
a 
1.72
b 
60
bc 
0.084
b 
150N0P 400
a 
24
b 
50
b 
3.91
c 
0.55
a 
64
a 
6.45
a 
1.47
a 
32
a 
0.045
a 
150N1/2P 704
b 
72
c 
45
ab 
1.90
a 
0.60
a 
63
a 
6.13
a 
1.71
b 
66
c 
0.087
b 
300N0P 498
a 
52
b 
41
ab 
3.38
b 
0.71
a 
63
a 
6.20
a 
1.49
a 
39
ab 
0.060
ab 
300N1/2P 481
a 
29
a 
48
ab 
3.27
b 
0.61
a 
79
a 
6.40
a 
1.68
a 
50
abc 
0.069
ab 
Waikiwi silt loam 
0N0P 686
b 
59
b 
21
a 
2.70
ab 
0.63
b 
59
a 
5.60
a 
1.44
ab 
29
a 
0.054
bc 
0N1/2P 561
ab 
67
b 
32
bc 
2.83
ab 
0.56
ab 
58
a 
5.52
a 
1.60
c 
42
b 
0.059
c 
150N0P 481
a 
30
a 
26
ab 
3.05
b 
0.72
c 
61
a 
5.73
a 
1.52
bc 
29
a 
0.050
ab 
150N1/2P 705
b 
58
b 
36
c 
2.86
ab 
0.54
a 
59
a 
5.48
a 
1.58
bc 
35
ab 
0.045
a 
300N0P 497
a 
68
b 
20
a 
2.88
ab 
0.80
d 
64
ab 
5.73
a 
1.36
ab 
36
ab 
0.054
bc 
300N1/2P 513
a 
27
a 
31
bc 
2.37
a 
0.83
d 
69
b 
5.80
a 
1.43
ab 
37
ab 
0.051
bc 
Taupo sandy loam 
0N0P 605
cd 
63
bc 
19
a 
1.47
a 
0.26
a 
56
a 
5.35
a 
1.22
a 
34
a 
0.056
b 
0N1/2P 601
cd 
69
c 
35
d 
1.62
a 
0.23
a 
58
a 
5.37
a 
1.44
a 
46
ab 
0.047
ab 
150N0P 459
b 
25
a 
27
bc 
1.92
a 
0.28
a 
62
a 
5.92
a 
1.34
a 
31
a 
0.052
ab 
150N1/2P 362
a 
53
b 
32
cd 
1.81
a 
0.27
a 
60
a 
5.63
a 
1.40
a 
40
ab 
0.054
b 
300N0P 649
d 
71
c 
21
ab 
1.75
a 
0.31
a 
61
a 
5.65
a 
1.23
a 
29
a 
0.044
ab 
300N1/2P 541
c 
27
a 
38
d 
1.93
a 
0.32
a 
71
b 
5.90
a 
1.43
a 
55
b 
0.037
ab 
LSD05 Treatment 73 10 4.9 0.27 0.07 6 0.34 0.09 9 0.012 
LSD05 Soil 51 7 3.5 0.19 0.05 4 0.24 0.06 6 0.008 
LSD05 Treatment x Soil 126 17 8.5 0.46 0.12 10 0.59 0.15 15 0.020 
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5.4 Discussion 
5.4.1 P losses 
A simplified model of phosphorus cycling within lysimeter soils is summarised in Figure 5.5. Solid 
phase soil P can be released to the soil solution via a range of desorption, dissolution and 
mineralisation processes. In turn, soil solution P has four fates; (1) sorbed or precipitated back into 
the solid soil phase, (2) taken up by plant roots, (3) incorporated into the microbial biomass, or (4) 
lost to leaching (or surface runoff). The effect of N and P application on leaching losses in a cut and 
carry system will be discussed in terms of these possible mechanisms.   
 
 
Figure 5.5 A simplified soil P cycle showing the potential fate of P within the soil solution. Solid 
arrows show transport pathways, labelled 1 – 4, between the different P pools shown in boxes 
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Nitrogen application to the Waikiwi and Taupo soil increased plant P uptake as evidenced by an 
increase in P export in pasture. If this P was extracted from the soil solution (Fig.5. 5, pathway 2), this 
would explain the decrease in DRP load and concentration seen following N application in agreement 
with our first hypothesis. However, for these two soils, half maintenance P application without 
nitrogen also decreased P concentration and load without the associated increase in pasture P export 
and there was no evidence of luxury uptake of either P or N following P fertilisation as evidenced by 
the pasture nutrition indices NNI and PNI (Table 5.2). The application of P increased the P 
concentration in the microbial pool (Table 5.6) and I suggest that P fertilisation stimulated primary 
production  and increased biotic demand for P leading to P within the soil solution becoming 
sequestered within the microbial pool (Fig. 5.5, pathway 3).  
The Horotiu silt loam appeared to be less responsive to both N and P application. Compared to the 
0N0P treatment, N application significantly increased P export in pasture only for the 300N1/2P 
treatment, while P application did not increase the MBP concentration within the soil. Consequently, 
no decrease in DRP leaching was observed for the Horotiu silt loam across any of the treatments. The 
high P sorption capacity, as indicated by P retention, of this soil also suggests that P is more slowly 
released to the soil solution (Fig. 5.5, pathway 1) and less available for plant or microbial uptake or 
loss to leaching than in the other two soils. Furthermore for a similar soil P concentration this release 
can be sustained over a longer period than for soils with a lower P sorption capacity (i.e. the Waikiwi 
and Taupo soil)(McDowell et al. 2001b). Therefore the 451 days of the trial may not have been 
sufficient to decrease P release to the soil solution in the Horotiu soil.  
The clear seasonality observed for DOP leaching from the Horotiu and Waikiwi silt loam is in 
agreement with Turner & Haygarth (2000) who attributed increased springtime DOP leaching from 
grassland lysimeters to increased carbon inputs from growing plant roots that stimulates microbial 
activity during warmer weather. The increase in phosphomonoesterase and phosphodiesterase 
activity in the spring leachate collected from the 300N0P and 300N1/2P treatments can be attributed 
to increased pasture growth (promoted by N and P inputs) leading to an increase in organic P within 
the soil, mainly as orthophosphate monoesters and diesters following plant root and microbial 
biomass turnover (Webley & Jones 1971). However, the data also showed that the largest proportion 
of DOP was hydrolysed by phosphodiesterase. Turner et al. (2002)also found that orthophosphate 
diesters dominated leachate collected from Australian pastoral soils and suggested that their 
prevalence over monoesters could be due to slower degradation of the diesters following release. 
Alternatively, there is also evidence that some orthophosphate diesters  are more mobile in soil than 
monoesters (Leytem et al. 2002). Both the Horotiu and Taupo soils contain a large amount of 
alllophane from volcanic ash deposition which may increase the sorption of orthophosphate 
monoesters.  
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While there was no increase in DOP leaching following N application, considering that 
orthophosphate diesters have been shown to be available to algae (Whitton et al. 1991), increased 
concentrations of diesters in leachate from the 300N0P and 300N1/2P treatments could pose a 
greater risk to water quality. However, the decrease in the immediately available DRP fraction 
leached for Waikiwi and Taupo soil may negate any risk from increased bioavailable DOP loss in a cut 
and carry scenario.    
5.4.2 N losses 
In terms of N leaching, although N application increased the N balance (more positive) (Table 5.5) 
there was no increase in soil N concentration (Table 5.6), and only a small increase in nitrate lost in 
leachate from the Horotiu soil (Table 5.5). Reasons could include that the quantity of N added was 
insignificant compared to the quantity of N present in the soil, or that N was lost in a form not 
measured, such as DON in leachate or via gaseous emissions. Ghani et al. (2010) reported DON 
leaching in Allophanic soils, similar to the Horotiu soil studied here but under grazed pasture, of 28 – 
53 kg N ha-1 yr-1, 1.5 to 14 times greater than the mineral – N (NO3
--N + NH4
+-N) lost in leachate. de 
Klein & Logtestijn (1994) reported that in addition to losses via ammonia volatilization, wet pastoral 
soils can lose 21% of applied urea-N as nitrous oxide following denitrification. Two rainfall events 
occurred within 1 - 5 days following urea application, and on three occasions urea was applied 3 – 6 
days following a rain event (Fig. 5.1). Hence, it is highly likely that gaseous N loss could have occurred 
in the lysimeter soils due to denitrification. 
Although data suggests some enhanced losses of N at high application rates (300 kg ha-1 yr-1), in 
grazed pastures. N leaching tends to be dominated by N leached from urine patches Di & Cameron 
2002). Silva et al. (1999) investigated N leaching under a dairy cow urine patch (1000 kg N ha-1 yr-1) 
and calculated the total N load in leachate to be 124 kg N ha-1 yr-1. Assuming that 25 % of the 
paddock was covered in urine patches (Haynes & Williams 1993) this would result in 33 kg N ha-1 yr-1 
of the leached-N originating from urine patches. The maximum N load in leachate from this trial was 
1.1 kg N ha-1 yr-1 from the 300N0P treatment on the Horotiu silt loam (Table 5.5). Clearly, compared 
to a grazed pasture, any additional N leaching caused by increasing N fertiliser application up to 300 
kg N ha-1 yr-1 in a cut and carry system will not significantly contribute to the annual load of N leached 
at a farm scale.  
5.4.3 Microbial biomass and phosphatase enzyme response 
Our secondary hypothesis was that N fertiliser to increase pasture production together with small 
application rates of P fertiliser (half maintenance) would suppress the exudation of phosphatase 
enzymes, decrease soil Olsen P in the long-term and decrease soil solution P and leachate P losses, 
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compared to no fertiliser. Application of P has been shown to suppress phosphatase activity while N 
inputs have been shown to increase activity (Marklein & Houlton 2012). Across all soils, 
phosphomonoesterase and diesterase activity in the 0N1/2P and 150N1/2P treatments showed no 
significant difference to the control treatment (Table 5.6), but were varied in their response to N 
applied alone or at high rates of N with P. This response could be used in combination with slight 
decreases in soil solution P (viz. WEP; Table 5.6) and the decreased P load in leachate to support our 
second hypothesis in the Waikiwi and Taupo soils. However, a greater exploration of biological pools 
and potential changes is required to fully characterise this mechanism and to explain why this did not 
occur in the Horotiu soil.  
Interpretation of the microbial response to N and P application is complicated, but could be aided by 
the examination of nutrient ratios within the microbial biomass (Cleveland & Liptzin 2007). For the 
0N0P (control) treatment these ratios indicate P-limitation in the Waikiwi and Taupo soils, but C- and 
N-limitation in the Horotiu silt loam (Fig. 5.6). This could explain the observed increase in MBP 
following a half maintenance P application in the Waikiwi and Taupo soils, a decrease in the 
concentration and load of P leached from these two soils,  and the lack of a biological and leaching 
response in the Horotiu soil.  
The application of 150N decreased MBN compared to the 0N0P treatment in all soils (Table 5.6). 
Nitrogen application stimulated pasture production and increased pasture N uptake but the 
application of 150N may not have been sufficient for plant requirements. The NNI did not indicate N 
deficiency in the pasture (Table 5.2) and we suggest that N was stripped from the microbial biomass 
for plant uptake leaving the microbial biomass N-limited in the Horotiu silt loam and C- and N-limited 
in the Waikiwi and Taupo soils (Fig. 5.6). When N was applied at the higher 300N rate there was no 
decrease in MBN or MBC and no change in microbial biomass limitation compared to the 0N0P 
treatment suggesting that sufficient N was applied for plant requirements.  
Alternatively, the decrease in MBN, and increase in N-limitation when 150N was applied, may also 
indicate changes in the production of phosphatase enzymes. Increased dry matter yield was evidence 
of an increased pasture-P requirement but the PNI indicates that the pasture was not P deficient 
(Table 5.2). Additional P can be released from the soil organic P pool by the production and action of 
phosphatase enzymes (Shen et al. 2011). The significant correlation between phosphodiesterase 
activity and DM yield in the Waikiwi silt loam ( r2 = 0.51 P <0.05) may suggest plant uptake of P via 
this mechanism.  As phosphatase enzymes are rich in N, high rates of N application, that removed N-
limitation could explain an increase in phosphatase activity (Marklein & Houlton, 2012), as occurred 
in the 150N and 300N treatments for phosphomonoesterase in the Horotiu soil and for 
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phosphodiesterase in the Waikiwi soil. The same logic could be used to explain a decrease in MBN if 
insufficient N for enzyme production is supplied (e.g. 150N; Table 5.6).  
Application of combined N and P fertilisers showed a complex response in microbial biomass and 
enzyme activity with the different N rates showing different responses (Table 5.6). However, results 
from just one sampling event are not necessarily representative of the whole community. Changes 
could be due to seasonal variation in both MBP, MBC, MBN and phosphatase activities (Patra et al.  
1990; Lovell et al. 1995; Ross et al. 1995; He et al. 1997), or a change in the microbial and fungal 
communities (de Vries et al. 2006; Parfitt et al.  2010). Furthermore, this work only considers 
phosphatase enzyme activity. Further work is required to determine the effect of fertiliser regime on 
enzymes regulating both N and C activity and to provide a complete picture of the dynamics of 
nutrient (and especially P) cycling through the microbial biomass.    
 
5.5 Conclusion 
In a cut and carry system, the application of N decreased the load and concentration of P lost in 
leachate for both the Waikiwi and Taupo soils and this decrease was attributed to increased plant 
uptake of P from the soil solution to sustain increased pasture growth.  There was no significant 
decrease in P leaching from Horotiu silt loam, which was attributed to the high P retention of the soil 
causing slow but prolonged release of P to the soil solution. The application of a half maintenance P 
fertiliser also decreased P leaching from soils and was attributed to a combination of biological 
processes that stored P that would otherwise be leached. For mitigation within a pastoral farming 
system it is envisaged that silage production, with increased N fertiliser application, could be 
targeted to paddocks within a farm with high soil P concentrations and a high risk of P loss to 
leachate in order to quickly reduce P loss on a farm level without negatively impacting on 
productivity. As there was no difference in the reduction in P leaching between the two rates of N 
fertiliser we suggest that either rate could be used depending on the required level of pasture 
productivity. However, further work is required to determine how the changes in soil nutrient 
cycling, especially biological processes, will effect N and P losses in leachate following the re-
introduction of grazing animals.     
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Figure 5.6 Mean soil microbial biomass (i) C:N, (ii) C:P and (iii) N:P molar ratios (in mmol kg-1). The reference lines show the average soil microbial biomass 
nutrient ratios for an un-amended grassland soil taken from Cleveland & Liptzin (2007) and provide an indication of the nutrient limitation within the microbial 
biomass.
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Chapter 6 
Conclusions and future research priorities 
6.1 Summary of results 
Soils with elevated P concentrations resulting from repeated application of P fertiliser in excess of 
crop requirements have the potential to lose environmentally significant amounts of P to surface 
waters and groundwaters. Following a literature review three potential mitigation strategies to 
reduce P loss from P enriched soils within a non-subsidised pastoral agricultural system were 
identified. The main aim of this thesis was to investigate the effectiveness of the proposed mitigation 
strategies in order to obtain both agronomically and environmentally sustainable farming practices 
with respect to P.  
The first and simplest mitigation strategy identified is the cessation of P fertiliser application to P 
enriched soils until soil P concentrations decline to an acceptable level. To investigate the 
effectiveness of this strategy I set two objectives. 
Objective 1:  To determine how the reactive and stable P pools respond over time to a halt in P 
fertiliser applications in a range of soil types.    
This objective was addressed in Chapters 2 and 3 through the use of soils from long-term fertiliser 
trials. The results from these experiments showed that both the agronomically significant pools of 
soil P, assessed by Olsen P and isotopically exchangeable P (E1 min – E3 months) and the environmentally 
significant pools of soil P, assessed by WEP and E1 min decreased exponentially over time following 
cessation of P fertiliser. However, there was no significant change in total P concentration over the 7 
– 26 years of these trials. On two of the four sites there was a significant decrease in the inorganic 
soil P concentration accompanied by an increase in the organic P fraction. This suggests that over 
time P was becoming incorporated into within organic matter reducing the plant availability and 
potential for P loss. The rate of decline in the different P fractions varied between the different trial 
sites and between treatments. For the WEP fraction this variation was dependant on the initial soil P 
concentration and the P retention of the soil. This highlights the importance of soil properties in 
predicting the rate of decline in soil P following a halt to fertiliser inputs and leads into my second 
objective. 
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Objective 2: To generate an equation to predict the amount of time required for a P enriched soil to 
reach an environmental and agronomic target.  
The variation in the rate of decline (β) in WEP concentration across the different trial sites and 
treatments was shown in Chapter 2 to be best described by the quotient of the initial Olsen P 
concentration and the P retention. Replacement of Olsen P with E1 min did not greatly improve the 
prediction of β as outlined in Chapter 3. The variation in β for Olsen P decline was best described by 
the initial WEP concentration. Equations were generated to predict the time it would take for WEP to 
reach an environmental target of 0.02 mg P L-1, based on the ANZECC (2000) guidelines and a dilution 
factor, and for Olsen P to reach an agronomic target of 25 mg P kg-1 based on the agronomic 
optimum for sheep and beef pastures. Applying these equations to the trial sites estimated that it 
would take between 22 – 44 years for WEP but 0 – 7 years for Olsen P to reach their respective 
targets and indicates that soils at the agronomic optimum could be losing environmentally significant 
amounts of P.      
Objectives 3, 4 and 5 were set to investigate two potential mitigation strategies to accelerate the 
decline in soil P and quickly decrease P loss from enriched soils while maintaining production.   
Objective 3: To determine if the re-introduction of conventional tillage, as part of the pasture 
regrassing program, can decrease subsurface P loss including DOP without increasing N leaching. 
The effect of tillage on subsurface P losses from soils covering the four most prevalent Soil Orders 
under New Zealand grazed pastures was investigated using a lysimeter trial the results of which are 
presented in Chapter 4. The results suggest that tilling the soil compared to direct drilling of grass 
seed can decrease the DRP load in leachate on three of the four Soil Orders but only during the first 5 
weeks after cultivation potentially due to the reformation of macropores within the tilled soils.  
Tillage did not significantly affect DRP leaching in the Pumice Soil (Taupo sandy loam) and the results 
suggest that matrix flow dominated in both the tilled and direct drill treatments for this soil. DRP 
leaching from the direct drill Taupo sandy loam was less than that of the other soils highlighting the 
importance of preferential flow paths in the transport of DRP via subsurface pathways. In terms of N, 
there was a 4 -15 fold increase in nitrate leaching in the first month of the trial. 
Objectives 4 and 5 relate to the manipulation of fertiliser regimes to promote pasture and microbial 
production. The effect of different fertiliser regimes, in a cut and carry system, on subsurface P losses 
from 3 contrasting pastoral soils was investigated using a lysimeter trial the results of which are 
presented in Chapter 5. 
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Objective 4: To determine if the application of N with regular cutting and removal of the biomass can 
decrease subsurface P loss including DOP without increasing N leaching and increase dry matter 
yield.  
Application of N as urea increased the (DM) yield and P off-take in pasture across the three soil types. 
This resulted in a significant decrease in total DRP load in leachate collected over the trial for two of 
the three soil types. There was no significant difference in DOP loads between the treatments on any 
of the soils and while there was some indication that the application of N increased the 
bioavailability of the DOP fraction the overall response was a decrease in the algal available P 
evidenced by the significant decrease in TDP. The Allophanic Soil (Horotiu silt loam) showed no 
significant difference in DRP or TDP load following N application most likely due to the high P 
retention of the soil. Only slight increases in nitrate leaching were found following the application of 
N fertiliser and total annual nitrate loads from all of the treatments were considered to be 
insignificant on a farm basis compared to the large leaching losses from the urine patch.  
Objective 5: To determine if the application of a half maintenance P application in combination with 
application of N and cutting and removal of the biomass can reduce subsurface P loss to the same 
extent as N application with zero P addition. 
Similar to N application there was no significant difference in DRP or TDP load following the 
application of a low rate of P fertiliser on the Allophanic Soil (Horotiu silt loam). However, the DRP 
load leached from the Waikiwi silt loam and Taupo sandy loam was significantly decreased following 
half maintenance application of P compared to the zero N zero P control by a similar degree as 
following N application despite no increase in pasture P off-take. This decrease in DRP load was 
attributed to an increase in the microbial P pool. 
The application of different fertiliser regimes, either N or P alone or in combination, were shown to 
have a complex effect on the soil microbial pool and the results suggest that nutrient cycling through 
the microbial pool has an significant influence on subsurface P losses.   
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6.2 Implications for mitigation 
The overall hypothesis for this research was that an environmentally and agronomically sustainable 
farming system, with regards to P, can be obtained and maintained by simple changes to farm 
management, such as decreasing STP concentration, re-introduction of tillage during pasture 
reseeding or implementing a cut and carry system with increased application of nitrogen. 
The results from Chapters 2 and 3 demonstrate that withholding P fertilisers as a strategy to reduce P 
loss to surface waters is effective but that it will take a long time for soil P concentrations to decline 
to a concentration where there is no risk to water quality. Furthermore, the results highlight the 
disparity between agronomic and environmental optimums and decreasing WEP concentrations to a 
target protective of water quality is likely to lead to Olsen P concentrations well below the agronomic 
optimum and an associated yield penalty. In agreement with Schärer et al.  (2007) I suggest that 
more involved mitigation strategies are required in order to decrease P loss from P enriched soils in 
an acceptable timeframe and still maintain productivity. Furthermore the lack of correlation between 
(DM) yield and Olsen P concentrations at Winchmore raises questions around the appropriateness of 
this test to assess the agronomic response of pasture to P. Furthermore the disparity between the 
agronomic and environmental optimums highlighted in Chapter 2 suggests that the current 
recommendations for optimum Olsen P concentration may require review. This work also highlights 
the importance of considering soil properties such as P retention when considering the potential for 
P loss based on an Olsen P test and I content that WEP may be the best metric for routine monitoring 
from an environmental perspective. 
Using the initial WEP and Olsen P concentration from the soil samples taken at the time of the 
lysimeter collection I am able to predict from Eq. 2.4 how long it would take to reach the final WEP 
concentration in soil samples taken at the end of the two lysimeter trials solely by withholding P 
fertiliser application. This provides an indication of the potential of the two investigated mitigation 
strategies to accelerate the decline in WEP concentration.  
Tilling and direct drilling of grass seed decreased the WEP concentration much faster than would be 
predicted using Eq. 2.4 (Fig. 6.1). The accelerated decrease in WEP in the direct drill soils can be 
attributed to the cutting and removal of biomass and mixing of the top 2 cm of soil which may have 
shown some stratification of P concentrations. Importantly, the tilled soils showed a much greater 
decline in WEP than the direct drill treatment and it was predicted that it would take 5 – 9 years to 
reach this concentration simply by withholding P fertiliser compared to 2 - 4 years for the direct drill 
treatment while the trial actually ran for only 1.2 years. This suggests that tillage compared to direct 
drill is an effective measure to quickly decrease P loss to surface run-off but that the effectiveness of 
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the strategy is dependent on soil type and the smallest difference between the treatments was seen 
in the Allophanic soil order with the highest P retention.  
 
Figure 6.1 Bars show the time it would take for each treatment and soil to reach the measured final 
WEP concentration following cessation of P fertiliser inputs without further mitigation by tillage 
predicted from Eq. 2.4 and compared to the reference line showing the actual length of the lysimeter 
trial. Error bars show one standard error of the prediction.   
Cutting and removal of the biomass accelerated the decrease in WEP where zero P was applied 
compared to the predicted timescales across all soil types (Fig 6.2) but application of N did not 
increase the decline in WEP compared to the zero N, zero P treatment except in the Taupo sandy 
loam. Half maintenance P application alone or in combination with 150 kg N ha-1 yr-1 actually 
increased the final WEP concentration compared to the start of the trial in the Horotiu silt loam due 
to the high P retention of the soil. This is in agreement with the subsurface P losses for this soil 
characterised in Chapter 5. For the Waikiwi silt loam P application, with or without N, accelerated the 
decrease in WEP compared to the predicted timescales but no more than cut and carry with zero N 
and zero P. In the Taupo sandy loam P application alone or with 300 kg N ha-1 yr-1 accelerated the 
decrease in WEP compared to the predicted timescale and the zero N zero P treatment with the 
300N1/2P treatment showing the largest increase in WEP decline. This suggests that while 
subsurface P loss in a cut and carry system could be reduced by the addition of N and or a low rate of 
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P fertiliser in the short term (451 days) for Brown and Pumice Soil  the effect on surface run-off may 
only be significant compared to the nil fertiliser treatment in the Taupo sandy loam. 
 
 
Figure 6.2 Bars show the time it would take for each treatment and soil to reach the measured final 
WEP concentration following cessation of P fertiliser inputs without further mitigation by 
phytoextraction predicted from Eq. 2.4 and compared to the reference line showing the actual length 
of the lysimeter trial. Error bars show one standard error of the prediction. 
 
The results of this research suggest that implementation of tillage or manipulation of fertiliser 
regimes to boost plant production or microbial P uptake in a cut and carry system can reduce P loss. 
To ensure economic viability these strategies should be targeted to critical source areas within a 
catchment and not applied on a whole farm basis (McDowell & Nash 2012), in this case mitigation 
should be targeted to paddocks with a high soil P concentration and a high risk of P loss. Additionally 
the applicability of each strategy is dependent on site specific factors which need to be fully 
considered.  
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The first consideration is the P loss pathway. Tillage, compared to direct drilling may be effective at 
reducing P loss to surface run-off, as evidenced by the significant decrease in WEP concentration, and 
had no detrimental effect on pasture production (Chapter 4). However, the strategy does not appear 
to be effective at reducing P loss to subsurface flow, except in the first month following cultivation. In 
contrast, application of nitrogen and a low rate of P fertiliser in a cut and carry system can 
significantly decrease P loss to subsurface flow but is less effective at further decreasing the potential 
for P loss to surface run-off compared to cutting and removal of the biomass with no fertiliser 
application. Therefore, if surface run-off is the dominant pathway for P loss, for example on hill-
slopes, tillage during reseeding may be the most effective strategy to decrease P loss. However, 
consideration of the erosion potential following tillage is required to ensure there is no increased loss 
of particulates and associated P. For sites where subsurface flow is the dominant P loss pathway, 
phytoextraction of P by targeting silage paddocks to high P soils and stimulating production with N 
would be the most appropriate strategy. My results also suggest that in soils where the microbial 
biomass is P limited, applying a half maintenance application of P fertiliser without N could decrease 
P leaching.  
A second important consideration is soil type. The Horotiu silt loam was less responsive to both 
mitigation strategies due to the high P retention. The results suggest that cutting and removal of the 
biomass can accelerate the decline in WEP and results from the lysimeter trial suggest that 
application of nitrogen at the higher 300 kg N ha-1 yr-1 may further decrease P leaching, as evidenced 
by the decrease in mean DRP concentration in the leachate. In contrast to soils from the Brown and 
Pumice Soils, more time is required to achieve a decrease the annual DRP load than the 1.2 years 
studied.  
In conclusion decreasing soil P concentrations by withholding P fertiliser application does not appear 
to be a suitable strategy to reduce P loss within a reasonable timeframe and is likely to negatively 
impact on productivity. However, when implemented in combination with tillage or manipulation of 
fertiliser regimes in a cut and carry system and targeting mitigation to critical source areas within a 
catchment we have the potential to significantly reduce P loss to surface waters and maintain a 
productive farming system. This is in agreement with my hypothesis that simple changes in farm 
management can led to an environmentally and agronomically sustainable farming system.  
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6.3 Future Research Priorities 
Based on the findings of this work and the deficiencies highlighted, the following future research 
priorities have been identified; 
6.3.1 Validation and improvement of Eq. 2.4. 
In Chapter 2 an equation was developed to predict how long it would take for a high P soil to decline 
to a concentration where it is unlikely to negatively impact on surface water quality.  This equation 
provides a good starting point to predict the rates of decline in soil P but further validation work is 
required. Soils from the long-term fertilizer trials had only moderate initial Olsen P concentrations, 
ranging from 23 – 51 mg P kg-1 and characterisation of the rate of decline for soils with very high soil 
P concentrations would be useful. Furthermore, this work was carried out on grazed pastoral soils 
where the P balance is likely to be close to zero. The rate of decline in soil P concentration in arable 
cropping systems is likely to be very different as P export will be increased through off-take in crops. 
Incorporation of a term relating for farm management, such as P balance, could improve the 
applicability of this model. 
Another important consideration is the effect of declining soil P concentrations on yield. The rate of 
decline in Olsen P was found to be a poor predictor of the yield response. In fact the decline in DM 
yield was more closely related to the change in WEP or E1 min than Olsen P. This suggests that 
reducing WEP concentrations by withholding fertilizers will result in a loss of yield. However, this 
finding is based on production data from just one trial site and there is some indication that sulphur 
deficiency may also have been contributing to the decline in pasture production (Smith et al. 2012). 
Characterisation of the effect of withholding P fertilizers on the rate of decline in crop or pasture 
yields on a wide range of soils with different initial STP concentrations is essential to assess the 
sustainability of withholding P fertilizer application as a strategy to reduce P loss from P enriched 
soils.  
6.3.2 Manipulation of the organic soil P pool.          
One of the most striking findings from this research is the disparity between agronomic and 
environmental soil P targets as discussed in Chapter 2 where the results indicate that soils with P 
concentrations within the agronomic optimum range have the potential to lose environmentally 
significant concentrations of P to surface waters. Results from the long-term fertiliser trial 
experiments (Chapters 2 and 3) showed that following cessation of P fertiliser inputs the available 
soil P fractions declined exponentially over time. However, there was no statistically detectable 
decrease in total soil P and indication that over time P was becoming occluded within organic matter. 
Furthermore, across the different trials the organic P pool accounted for 48 – 82 % of TP. 
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Technological advances which can manipulate the plant availability of the organic P pool could 
reduce the reliance of P fertilizer inputs while maintaining consistent yields. This may be achieved 
through research into plant based P acquisition mechanisms e.g. root exudates or breeding of P 
efficient crop cultivars (Shen et al. 2011) or manipulation of the role of soil microorganisms 
mediating P availability (Richardson & Simpson 2011).  
6.3.3 Manipulation of nutrient cycling though the microbial biomass. 
The microbial biomass plays an important role in the immobilisation and release of nutrients to the 
soil solution. The results of the lysimeter study in Chapter 5 highlight the potential for manipulation 
of these processes through application of different rates of N and P fertilisers to increase plant P 
availability and decrease the potential for P loss to water in the short term. The effect of nutrient 
inputs on the soil microbial community is a growing area of research. However, to date there has 
been little research directly linking nutrient cycling through the microbial pool to P loss to surface 
waters.  Detailed research into the effect of different rates of both N and P fertilisation, singularly 
and combined, on the microbial biomass is required across a wide range of initial soil P 
concentrations including investigation of microbial growth and respiration rates, the activity of 
enzymes regulating C and N availability in addition to phosphatase activity and the effect of fertiliser 
regime on the microbial communities is required. Furthermore, this should be combined with direct 
measurement of P loss to surface runoff and subsurface flow.   
6.3.4 Reintroduction of grazing anaimals following phytoextraction 
Chapter 5 investigated the use of a cut and carry system with fertiliser inputs to increase production 
as a method to decrease P leaching from P enriched soils. However, it is unclear how the changes in 
soil nutrient cycling will effect N and P loss following the re-introduction of grazing animals once soil 
P concentrations, or excessive P leaching, has been reduced. In addition to increasing nitrate leaching 
(Di & Cameron, 2002) urine may also increase P leaching through an increase in pH (Shand et al. 
2000) and as microbial communities are sensitive to changes in the soil environment, changes in pH 
or osmotic potential may induce microbial stress (Petersen et al. 2004). Cell lysis following stress 
could release the nutrients contained in the microbial biomass. Bertram et al. (2012) observed a 
decline in microbial biomass was accompanied by an increase in water extractable P following urine 
application to laboratory soil columns. Further work is required to determine the effects of urine and 
dung deposition on the microbial biomass and the implications for N and P leaching. 
Underpinning all the identified future research priorities is the requirement for accurate 
characterisation of soil P species and transformations.  Recent development of novel analytical 
techniques, such as δ 18O isotopic techniques could be used to discriminate between atmospheric, 
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fertiliser and microbial sources of PO4
3- (Frossard et al. 2011) providing new insight into soil P cycling 
and allowing identification of transport pathways for P loss to surface waters. 
  
 112 
References 
Addiscott, T. M. & Thomas, D. 2000. Tillage, mineralization and leaching: phosphate. Soil and Tillage 
Research, 53, 255-273.  
ANZECC 2000. Australian and New Zealand guidelines for fresh and marine water quality. National 
water quality management strategy paper 4. In., Canberra, ACT. 
Aslam, T., Choudhary, M. A. & Saggar, S. 1999. Tillage impacts on soil microbial biomass C, N and P, 
earthworms and agronomy after two years of cropping following permanent pasture in New 
Zealand. Soil and Tillage Research, 51, 103-111. 
Ballantine, D. J. & Davies-Colley, R. J. 2010. Water quality trends at NRWQN sites for the period 1989-
2007. In., NIWA Client Report HAM2009-026 to the Ministry for the Environment, 
Wellington, New Zealand, pp. 39pp. 
Beckett, P. H. T. & White, R. E. 1964. Studies on the phosphate potentials of soils. Plant and Soil, 21, 
253-282. 
Bertram, J. E., Orwin, K. H., Clough, T. J., Condron, L. M., Sherlock, R. R. & O’Callaghan, M. 2012. 
Effect of soil moisture and bovine urine on microbial stress. Pedobiologia, 55, 211-218. 
Birch, H. F. 1958. The effect of soil drying on humus decomposition and nitrogen availability. Plant 
and Soil, 10, 9-31. 
Blackwell, M. S. A., Brookes, P. C., Fuente-Martinez, N., Murray, P. J., Snars, K. E., Williams, J. K. & 
Haygarth, P. M. 2009. Effects of soil drying and rate of re-wetting on concentrations and 
forms of phosphorus in leachate. Biology and Fertility of Soils, 45, 635-643. 
Bravo, C., Torrent, J., Giráldez, J. V., González, P. & Ordóñez, R. 2006. Long-term effect of tillage on 
phosphorus forms and sorption in a Vertisol of southern Spain. European Journal of 
Agronomy, 25, 264-269. 
Brock, E., Ketterings, Q. & Kleinman, P. A. 2007. Phosphorus leaching through intact soil cores as 
influenced by type and duration of manure application. Nutrient Cycling in Agroecosystems, 
77, 269-281. 
Brookes, P. C., Landman, A., Pruden, G. & Jenkinson, D. S. 1985. Chloroform fumigation and the 
release of soil nitrogen: A rapid direct extraction method to measure microbial biomass 
nitrogen in soil. Soil Biology and Biochemistry, 17, 837-842. 
Brookes, P. C., Powlson, D. S. & Jenkinson, D. S. 1984. Phosphorus in the soil microbial biomass. Soil 
Biology and Biochemistry, 16, 169-175. 
Buda, A. R., Koopmans, G. F., Bryant, R. B. & Chardon, W. J. 2012. Emerging technologies for 
removing nonpoint phosphorus from surface water and groundwater: introduction. Journal 
of Environmental Quality, 41, 621-627. 
 113 
Butler, J. S. & Coale, F. J. 2005. Phosphorus leaching in manure-amended Atlantic Coastal Plain Soils. 
Journal of Environmental Quality, 34, 370-381. 
Butler, P. J. & Haygarth, P. M. 2007. Effects of tillage and reseeding on phosphorus transfers from 
grassland. Soil Use and Management, 23, 71-81. 
Cabrera, M. L. & Beare, M. H. 1993. Alkaline persulfate oxidation for determining total nitrogen in 
microbial biomass extracts. Soil Science Society of America Journal, 57, 1007-1012. 
Cade-Menun, B. J., Carter, M. R., James, D. C. & Liu, C. W. 2010. Phosphorus forms and chemistry in 
the soil profile under long-term conservation tillage: a phosphorus-31 Nuclear Magnetic 
Resonance study. Journal of Environmental Quality, 39, 1647-1656. 
Carpenter, S. R. 2005. Eutrophication of aquatic ecosystems: bistability and soil phosphorus. 
Proceedings of the National Academy of Sciences of the United States of America, 102, 
10002-10005. 
Carpenter, S. R., Caraco, N. F., Correll, D. L., Howarth, R. W., Sharpley, A. N. & Smith, V. H. 1998. 
Nonpoint pollution of surface waters with phosphorus and nitrogen. Ecological Applications, 
8, 559-568. 
Chapman, P. J., Edwards, A. C. & Shand, C. A. 1997. The phosphorus composition of soil solutions and 
soil leachates: Influence of soil:solution ratio. European Journal of Soil Science, 48, 703-710. 
Chen, C. R., Condron, L. M., Sinaj, S., Davis, M. R., Sherlock, R. R. & Frossard, E. 2003. Effects of plant 
species on phosphorus availability in a range of grassland soils. Plant and Soil, 256, 115-130. 
Cleveland, C. & Liptzin, D. 2007. C:N:P stoichiometry in soil: is there a “Redfield ratio” for the 
microbial biomass? Biogeochemistry, 85, 235-252. 
Clough, T.J., Stevens, R.J., Laughlin, R.J., Sherlock, R.R. & Cameron, K.C. 2001. Transformations of 
inorganic-N in soil leachate under different storage conditions. Soil Biology and Biochemistry. 
33, 1473-1480.  
Condron, L. M., Turner, B. L. & Cade-Menun, B. J. 2005. Chemistry and dynamics of soil organic 
phosphorus. In:  Phosphorus: Agriculture and the Environment. eds J. T. Sims & A. N. 
Sharpley), American Society of Agronomy, Madison, WI, pp. 87-121. 
Cordell, D., Drangert, J.-O. & White, S. 2009. The story of phosphorus: Global food security and food 
for thought. Global Environmental Change, 19, 292-305. 
de Vries, F. T., Hoffland, E., van Eekeren, N., Brussaard, L. & Bloem, J. 2006. Fungal/bacterial ratios in 
grasslands with contrasting nitrogen management. Soil Biology and Biochemistry, 38, 2092-
2103. 
Delgado, A. & Torrent, J. 2000. Phosphorus forms and desorption patterns in heavily fertilized 
calcareous and limed acid soils. Soil Science Society of America Journal, 64, 2031-2037. 
 114 
Derpsch, R. & Friedrich, T. 2008. Global overview of conservation agriculture adoption. In., Food and 
Agriculture Organization of the United Nations, http://www.fao.org/ag/ca/doc/Derpsch-
Friedrich-Global-overview-CA-adoption3.pdf. 
Di, H. J. & Cameron, K. C. 2002. Nitrate leaching in temperate agroecosystems: sources, factors and 
mitigating strategies. Nutrient Cycling in Agroecosystems, 64, 237-256. 
Djodjic, F., Bergström, L. & Ulén, B. 2002. Phosphorus losses from a structured clay soil in relation to 
tillage practices. Soil Use and Management, 18, 79-83. 
Djodjic, F., Börling, K. & Bergström, L. 2004. Phosphorus leaching in relation to soil type and soil 
phosphorus content. Journal of Environmental Quality, 33, 678-684. 
Dodd, J. R. & Mallarino, A. P. 2005. Soil-test phosphorus and crop grain yield responses to long-term 
phosphorus fertilization for corn-soybean rotations. Soil Science Society of America Journal, 
69, 1118-1128. 
Duru, M. & Ducrocq, H. 1996. A nitrogen and phosphorus herbage nutrient index as a tool for 
assessing the effect of N and P supply on the dry matter yield of permanent pastures. 
Nutrient Cycling in Agroecosystems, 47, 59-69. 
Elser, J. J., Dobberfuhl, D. R., MacKay, N. A. & Schampel, J. H. 1996. Organism size, life history, and 
N:P stoichiometry. Bioscience, 46, 674-674. 
FAO 2013. FAO Statistical Database. In., http://faostat.fao.org/ (accessed April 2013). 
Frossard, E., Achat, D. L., Bernasconi, S. M., Bünemann, E. K., Fardeau, J. C., Jansa, J., Morel, C., 
Rabeharisoa, L., Sinaj, S., Tamburini, F. & Oberson, A. 2011. The use of tracers to investigate 
phosphorus cycling in soil/plant systems. In:  Phosphorus in Action. eds E. K. Bünemann, A. 
Oberson & E. Frossard), Springer-Verlag, New York, pp. 59-91. 
Frossard, E., Condron, L. M., Oberson, A., Sinaj, S. & Fardeau, J. C. 2000. Processes governing 
phosphorus availability in temperate soils. Journal of Environmental Quality, 29, 15-23. 
Frossard, E., Morel, J. L., Fardeau, J. C. & Brossard, M. 1994. Soil isotopically exchangeable 
phosphorus: A comparison between E and L values. Soil Science Society of America Journal, 
58, 846-851. 
Frossard, E. & Sinaj, S. 1997. The isotope exchange kinetic technique: A method to describe the 
availability of inorganic nutrients. Applications to K, P, S and Zn. Isotopes in Environmental 
and Health Studies, 34, 61-77. 
Gächter, R., Ngatiah, J. M. & Stamm, C. 1998. Transport of phosphate from soil to surface waters by 
preferential flow. Environmental Science & Technology, 32, 1865-1869. 
Gallet, A., Flisch, R., Ryser, J.-P., Frossard, E. & Sinaj, S. 2003. Effect of phosphate fertilization on crop 
yield and soil phosphorus status. Journal of Plant Nutrition and Soil Science, 166, 568-578. 
Gaynor, J. D. & Findlay, W. I. 1995. Soil and phosphorus loss from conservation and conventional 
tillage in corn production. Journal of Environmental Quality, 24, 734-741. 
 115 
Gee, G. W. & Bauder, J. W. 1986. Particle-size analysis. In:  Methods of Soil Analysis. Part 1. Physical 
and Mineralogical Methods. (ed A. Klute), American Society of Agronomy, Madison, WI, pp. 
383-410. 
GenStat13 2010. GenStat for Windows. In., VSN International Ltd., Oxford, UK. 
Geohring, L. D., McHugh, O. V., Walter, M. T., Steenhuis, T. S., Akhtar, M. S. & Walter, M. F. 2001. 
Phosphorus transport into subsurface drains by macropores after manure applications: 
Implications for best manure management practices. Soil Science, 166, 896-909. 
Ghani, A., Müller, K., Dodd, M. & Mackay, A. 2010. Dissolved organic matter leaching in some 
contrasting New Zealand pasture soils. European Journal of Soil Science, 61, 525-538. 
Gilbert, N. 2009. The disappearing nutrient. Nature, 461, 716-718. 
Gillingham, A. G., Richardson, S., Power, I. L. & Riley, J. 1990. Long term effects of withholding 
phosphate application on North Island hill country: Whatawhata Research Centre. 
Proceedings of the New Zealand Grassland Association, 51, 11-16. 
Grant, C., Bittman, S., Montreal, M., Plenchette, C. & Morel, C. 2005. Soil and fertilizer phosphorus: 
Effects on plant P supply and mycorrhizal development. Canadian Journal of Plant Science, 
85, 3-14. 
Griffiths, B. S., Spilles, A. & Bonkowski, M. 2012. C:N:P stoichiometry and nutrient limitation of the 
soil microbial biomass in a grazed grassland site under experimental P limitation or excess. 
Ecological Processes, 1, 6. 
Hanway, J. J. & Laflen, J. M. 1974. Plant nutrient losses from tile-outlet terraces. Journal of 
Environmental Quality, 3, 351-356. 
Haygarth, P. M., Ashby, C. D. & Jarvis, S. C. 1995. Short-Term Changes in the Molybdate Reactive 
Phosphorus of Stored Soil Waters. J. Environ. Qual., 24, 1133-1140. 
Haygarth, P. M. & Jarvis, S. C. 1999. Transfer of phosphorus from agricultural soil. In:  Advances in 
Agronomy. (ed L. S. Donald), Academic Press, pp. 195-249. 
Haygarth, P. M. & Sharpley, A. N. 2000. Terminology for phosphorus transfer. Journal of 
Environmental Quality, 29, 10-15. 
Haynes, R. J. 1984. Lime and phosphate in the soil - plant system. Advances in Agronomy, 37. 
Haynes, R. J. & Williams, P. H. 1993. Nutrient cycling and soil fertility in the grazed pasture 
ecosystem. In:  Advances in Agronomy. (ed L. S. Donald), Academic Press, pp. 119-199. 
He, Z. L., Wu, J., O‘Donnell, A. G. & Syers, J. K. 1997. Seasonal responses in microbial biomass carbon, 
phosphorus and sulphur in soils under pasture. Biology and Fertility of Soils, 24, 421-428. 
He, Z. L. & Zhu, J. 1998. Transformation kinetics and potential availability of specifically-sorbed 
phosphate in soils. Nutrient Cycling in Agroecosystems, 51, 209-215. 
 116 
Heckrath, G., Brookes, P. C., Poulton, P. R. & Goulding, K. W. T. 1995. Phosphorus leaching from soils 
containing different phosphorus concentrations in the Broadbalk Experiment. Journal of 
Environmental Quality, 24, 904-910. 
Herlihy, M., McCarthy, J., Breen, J. & Moles, R. 2004. Effects over time of fertiliser P and soil series on 
P balance, soil test P and herbage production. Irish Journal of Agricultural and Food Research, 
43, 147-160. 
Hesketh, N. & Brookes, P. C. 2000. Development of an Indicator for Risk of Phosphorus Leaching. 
Journal of Environmental Quality, 29, 105-110. 
Hewitt, A. E. 2010. New Zealand Soils Classification, Manaaki Whenua Press. 
Hooda, P. S., Truesdale, V. W., Edwards, A. C., Withers, P. J. A., Aitken, M. N., Miller, A. & Rendell, A. 
R. 2001. Manuring and fertilization effects on phosphorus accumulation in soils and potential 
environmental implications. Advances in Environmental Research, 5, 13-21. 
Jenkinson, D. S., Brookes, P. C. & Powlson, D. S. 2004. Measuring soil microbial biomass. Soil Biology 
and Biochemistry, 36, 5-7. 
Jones, J. B. & Case, V. W. 1990. Chapter 15: Sampling, handling and analysing plant tissue samples. In:  
Soil Testing and Plant Analysis. (ed R. L. Westerman), Soil Science Society of America Journal, 
Madison, WI., pp. 389-427. 
Keatley, B. E., Bennett, E. M., MacDonald, G. K., Taranu, Z. E. & Gregory-Eaves, I. 2011. Land-use 
legacies are important determinants of lake eutrophication in the Anthropocene. PLoS ONE, 
6, e15913. 
Kitson, R. E. & Mellon, M. G. 1944. Colorimetric determination of phosphorus as 
molybdivanadophosphoric acid. Industrial & Engineering Chemistry Analytical Edition, 16, 
379-383. 
Klein, C. A. M. & Logtestijn, R. S. P. 1994. Denitrification in the top soil of managed grasslands in The 
Netherlands in relation to soil type and fertilizer level. Plant and Soil, 163, 33-44. 
Kleinman, P. A., Sharpley, A., Saporito, L., Buda, A. & Bryant, R. 2009. Application of manure to no-till 
soils: phosphorus losses by sub-surface and surface pathways. Nutrient Cycling in 
Agroecosystems, 84, 215-227. 
Kleinman, P. J., Sharpley, A. N., McDowell, R. W., Flaten, D. N., Buda, A. R., Tao, L., Bergstrom, L. & 
Zhu, Q. 2011. Managing agricultural phosphorus for water quality protection: principles for 
progress. Plant and Soil, 349, 169-182. 
Koopmans, G. F., Chardon, W. J., de Willigen, P. & van Riemsdijk, W. H. 2004a. Phosphorus 
desorption dynamics in soil and the link to a dynamic concept of bioavailability. Journal of 
Environmental Quality, 33, 1393-1402. 
 117 
Koopmans, G. F., Chardon, W. J., Dekker, P. H. M., Römkens, P. F. A. M. & Schoumans, O. F. 2006. 
Comparing different extraction methods for estimating phosphorus solubility in various soil 
types. Soil Science, 171, 103-116. 
Koopmans, G. F., Chardon, W. J., Ehlert, P. A. I., Dolfing, J., Suurs, R. A. A., Oenema, O. & van 
Riemsdijk, W. H. 2004b. Phosphorus availability for plant uptake in a phosphorus-enriched 
noncalcareous sandy soil. Journal of Environmental Quality, 33, 965-975. 
Lambert, M. G., Clark, D. A. & Mackay, A. D. 1990. Long term effects of withholdining phosphate 
application on North Island hill country: Ballantrae. Proceedings of the New Zealand 
Grassland Association, 51, 25-28. 
Landcare-Research 2011. S-map Online. Available at http://smap.landcareresearch.co.nz/home 
(acessed 01/12/2011). In. 
Ledgard, S. F., Clark, D. A., Sprosen, M. S., Brier, G. J. & Nemaia, E. K. K. 1996. Nitrogen losses from 
grazed dairy pasture as affected by nitrogen fertiliser application. Proceedings of the New 
Zealand Grassland Association, 57, 21-25. 
Lemaire, G., Jeuffroy, M.-H. & Gastal, F. 2008. Diagnosis tool for plant and crop N status in vegetative 
stage: Theory and practices for crop N management. European Journal of Agronomy, 28, 614-
624. 
Leytem, A. B., Mikkelsen, R. L. & Gilliam, J. W. 2002. Sorption of organic phosphorus compounds in 
Atlantic coastal plain soils. Soil Science, 167, 652-658. 
Li, F., Liu, M., Li, Z., Jiang, C., Han, F. & Che, Y. 2013. Changes in soil microbial biomass and functional 
diversity with a nitrogen gradient in soil columns. Applied Soil Ecology, 64, 1-6. 
Lindsay, W. L. 1979. Chemical Equilibria in Soils, Wiley-Interscience, New York. 
Logan, T. J., Lal, R. & Dick, W. A. 1991. Tillage systems and soil properties in North America. Soil and 
Tillage Research, 20, 241-270. 
Lookman, R., Freese, D., Merckx, R., Vlassak, K. & van Riemsdijk, W. H. 1995. Long-term kinetics of 
phosphate release from soil. Environmental Science & Technology, 29, 1569-1575. 
Lovell, R. D., Jarvis, S. C. & Bardgett, R. D. 1995. Soil microbial biomass and activity in long-term 
grassland: Effects of management changes. Soil Biology and Biochemistry, 27, 969-975. 
Ma, Y., Li, J., Li, X., Tang, X., Liang, Y., Huang, S., Wang, B., Liu, H. & Yang, X. 2009. Phosphorus 
accumulation and depletion in soils in wheat–maize cropping systems: Modeling and 
validation. Field Crops Research, 110, 207-212. 
Maguire, R. O. & Sims, J. T. 2002. Soil testing to predict phosphorus leaching Journal of Environmental 
Quality, 31, 1601-1609. 
Marklein, A. R. & Houlton, B. Z. 2012. Nitrogen inputs accelerate phosphorus cycling rates across a 
wide variety of terrestrial ecosystems. New Phytologist, 193, 696-704. 
 118 
Mathers, N. J. & Nash, D. M. 2009. Effects of tillage practices on soil and water phosphorus and 
nitrogen fractions in a Chromosol at Rutherglen in Victoria, Australia. Soil Research, 47, 46-
59. 
McBride, S. D., Nguyen, M. L. & Rickard, D. S. 1990. Implications of cessing annual superphosphate 
topdressing applications on pasture production. Proceedings of the New Zealand Grassland 
Association, 52, 177-180. 
McCollum, R. E. 1991. Buildup and decline in soil phosphorus: 30-year trends on a Typic Umprabuult. 
Agronomy Journal, 83, 77-85. 
McDowell, R.W. 2012. Minimising phosphorus losses from the soil matrix. Current Opinion in 
Biotechnology, 23, 860-865. 
McDowell, R., Sinaj, S., Sharpley, A. & Frossard, E. 2001a. The use of isotopic exchange kinetics to 
assess phosphorus availability in overland flow and subsurface drainage waters. Soil Science, 
166, 365-373. 
McDowell, R. W., Biggs, B. J. F., Sharpley, A. N. & Nguyen, L. 2004. Connecting phosphorus loss from 
agricultural landscapes to surface water quality. Chemistry and Ecology, 20, 1-40. 
McDowell, R. W. & Condron, L. M. 2004. Estimating phosphorus loss from New Zealand grassland 
soils. New Zealand Journal of Agricultural Research, 47, 137-145. 
McDowell, R. W. & Condron, L. M. 2012. Phosphorus and the Winchmore trials: review and lessons 
learnt. New Zealand Journal of Agricultural Research, 55, 119-132. 
McDowell, R. W., Condron, L. M., Mahieu, N., Brookes, P. C., Poulton, P. R. & Sharpley, A. N. 2002. 
Analysis of potentially mobile phosphorus in arable soils using solid state Nuclear Magnetic 
Resonance Journal of Environmental Quality, 31, 450-456. 
McDowell, R. W. & Koopmans, G. F. 2006. Assessing the bioavailability of dissolved organic 
phosphorus in pasture and cultivated soils treated with different rates of nitrogen fertiliser. 
Soil Biology and Biochemistry, 38, 61-70. 
McDowell, R. W., Mahieu, N., Brookes, P. C. & Poulton, P. R. 2003a. Mechanisms of phosphorus 
solubilisation in a limed soil as a function of pH. Chemosphere, 51, 685-692. 
McDowell, R. W. & Monaghan, R. M. 2002. The potential for phosphorus loss in relation to nitrogen 
fertiliser application and cultivation. New Zealand Journal of Agricultural Research, 45, 245-
253. 
McDowell, R. W., Monaghan, R. M. & Morton, J. 2003b. Soil phosphorus concentrations to minimise 
potential P loss to surface waters in Southland. New Zealand Journal of Agricultural Research, 
46, 239-253. 
McDowell, R. W. & Nash, D. 2012. A review of the cost-effectiveness and suitability of mitigation 
strategies to prevent phosphorus loss from dairy farms in New Zealand and Australia. Journal 
of Environmental Quality, 41, 680-693. 
 119 
McDowell, R. W. & Sharpley, A. N. 2001. Approximating Phosphorus Release from Soils to Surface 
Runoff and Subsurface Drainage. J. Environ. Qual., 30, 508-520. 
McDowell, R. W. & Sharpley, A. N. 2003. Phosphorus solubility and release kinetics as a function of 
soil test P concentration. Geoderma, 112, 143-154. 
McDowell, R. W., Sharpley, A. N., Condron, L. M., Haygarth, P. M. & Brookes, P. C. 2001b. Processes 
controlling soil phosphorus release to runoff and implications for agricultural management. 
Nutrient Cycling in Agroecosystems, 59, 269-284. 
McKenzie, N. J., Cresswell, H. P. & Green, T. P. 2002. Field measurement of unsaturated hydrualic 
conductivity using tension infiltrometers In:  Soil physical measurement and interpretation 
for land evaluation. eds N. McKenzie, K. Coughlan & H. Cresswell), CRISO Publishing, 
Collingwood, Vic, pp. 119-131. 
McLaughlin, M. J., Alston, A. M. & Martin, J. K. 1986. Measurement of phosphorus in the soil 
microbial biomass: A modified procedure for field soils. Soil Biology and Biochemistry, 18, 
437-443. 
McLeod, M., Aislabie, J., Smith, J., Fraser, R., Roberts, A. & Taylor, M. 2001. Viral and chemical tracer 
movement through contrasting soils. Journal of Environmental Quality, 30, 2134-2140. 
Meals, D. W., Dressing, S. A. & Davenport, T. E. 2010. Lag time in water quality response to best 
management practices: A review Journal of Environmental Quality, 39, 85-96. 
Mina, B. L., Saha, S., Kumar, N., Srivastva, A. K. & Gupta, H. S. 2008. Changes in soil nutrient content 
and enzymatic activity under conventional and zero-tillage practices in an Indian sandy clay 
loam soil. Nutrient Cycling in Agroecosystems, 82, 273-281. 
Morel, C., Tiessen, H., Moir, J. O. & Stewart, J. W. B. 1994. Phosphorus transformations and 
availability under cropping and fertilization assessed by isotopic exchange. Soil Science 
Society of America Journal, 58, 1439-1445. 
Morton, J. D. & Roberts, A. H. C. 1999. Fertiliser use on New Zealand sheep and beef farms, New 
Zealand Fertiliser Manufacturers' Research Association, Newmarket, New Zealand. 
Nair, P. S., Logan, T. J., Sharpley, A. N., Sommers, L. E., Tabatabai, M. A. & Yuan, T. L. 1984. 
Interlaboratory comparison of a standardized phosphorus adsorption procedure. Journal of 
Environmental Quality, 13, 591-595. 
Newman, Y. C., Agyin-Birikorang, S., Adjei, M. B., Scholberg, J. M., Silveira, M. L., Vendramini, J. M. B., 
Rechcigl, J. E., Sollenberger, L. E. & Chrysostome, M. 2009. Enhancing phosphorus 
phytoremedation potential of two warm-season perennial grasses with nitrogen fertilization 
Agronomy Journal, 101, 1345-1351. 
O'Connor, M. B., Smart, C. E. & Ledgard, S. F. 1990. Long term effects of withholding phosphate 
application on North Island hill country: Te Kuiti. Proceedings of the New Zealand Grassland 
Association, 51, 21-24. 
 120 
Olander, L. & Vitousek, P. 2000. Regulation of soil phosphatase and chitinase activityby N and P 
availability. Biogeochemistry, 49, 175-191. 
Olsen, S. R., Cole, C. V., Watanabe, F. S. & Dean, G. A. 1954. Estimation of available phosphorus in 
soils by extraction with sodium bicarbonate. USDA Circular, 939. 
Pant, H. K., Adjei, M. B., Scholberg, J. M. S., Chambliss, C. G. & Rechcigl, J. E. 2004. Forage production 
and phosphorus phytoremediation in manure-impacted soils. Agronomy Journal, 96, 1780-
1786. 
Parfitt, R. L., Yeates, G. W., Ross, D. J., Schon, N. L., Mackay, A. D. & Wardle, D. A. 2010. Effect of 
fertilizer, herbicide and grazing management of pastures on plant and soil communities. 
Applied Soil Ecology, 45, 175-186. 
Patra, D. D., Brookes, P. C., Coleman, K. & Jenkinson, D. S. 1990. Seasonal changes of soil microbial 
biomass in an arable and a grassland soil which have been under uniform management for 
many years. Soil Biology and Biochemistry, 22, 739-742. 
Perring, M., Edwards, G. & Mazancourt, C. 2009. Removing phosphorus from ecosystems through 
nitrogen fertilization and cutting with removal of biomass. Ecosystems, 12, 1130-1144. 
Perring, M. P., Hedin, L. O., Levin, S. A., McGroddy, M. & de Mazancourt, C. 2008. Increased plant 
growth from nitrogen addition should conserve phosphorus in terrestrial ecosystems. 
Proceedings of the National Academy of Sciences, 105, 1971-1976. 
Petersen, S. O., Roslev, P. & Bol, R. 2004. Dynamics of a pasture microbial community after 
deposition of cattle urine amended with [13C] urea. Applied and Environmental Microbiology, 
70, 6363-6369. 
Pionke, H. B., Gburek, W. J. & Sharpley, A. N. 2000. Critical source area controls on water quality in an 
agricultural watershed located in the Chesapeake Basin. Ecological Engineering, 14, 325-335. 
Pote, D. H., Daniel, T. C., Moore, P. A., Nichols, D. J., Sharpley, A. N. & Edwards, D. R. 1996. Relating 
extractable soil phosphorus to phosphorus losses in runoff. Soil Science Society of America 
Journal, 60, 855-859. 
Raven, K. P. & Hossner, L. R. 1993. Phosphorus desorption quantity-intensity relationships in soils. 
Soil Science Society of America Journal, 57, 1501-1508. 
Reed-Andersen, T., Carpenter, S. R. & Lathrop, R. C. 2000. Phosphorus flow in a watershed-lake 
ecosystem. Ecosystems, 3, 561-573. 
Richardson, A. E. & Simpson, R. J. 2011. Soil microorganisms mediating phosphorus availability: 
Update on microbial phosphorus. Plant Physiology, 156, 989-996. 
Rickard, D. D. & McBride, S. D. 1987. Long term application and residual effects of reactive phosphate 
rock on irrigated pasture. In:  Winchmore Irrigation Research Station Technical Report 22. 
 121 
Roberts, A. H. C. & Thomson, N. A. 1988. The consequence of not applying superphosphate fertilisers 
on Taranaki Dairy Pasture. Proceedings of the New Zealand Grassland Association, 49, 161-
165. 
Robertson, F. A. & Nash, D. M. 2008. Phosphorus and nitrogen in soil, plants, and overland flow from 
sheep-grazed pastures fertilized with different rates of superphosphate. Agriculture, 
Ecosystems & Environment, 126, 195-208. 
Ross, D. J., Speir, T. W., Kettles, H. A. & Mackay, A. D. 1995. Soil microbial biomass, C and N 
mineralization and enzyme activities in a hill pasture: Influence of season and slow-release P 
and S fertilizer. Soil Biology and Biochemistry, 27, 1431-1443. 
Rowland, A. P. & Haygarth, P. M. 1997. Determination of total dissolved phosphorus in soil solutions. 
Journal of Environmental Quality, 26, 410-415. 
Ryden, J. C., Syers, J. K. & Harris, R. F. 1974. Phosphorus in Runoff and Streams. In:  Advances in 
Agronomy. (ed N. C. Brady), Academic Press, pp. 1-45. 
Saunders, W. M. H. 1965. Phosphate retention by New Zealand soils and its relationship to free 
sesquioxides, organic matter, and other soil properties. New Zealand Journal of Agricultural 
Research, 8, 30-57. 
Saunders, W. M. H. & Williams, E. G. 1955. Observations on the determinations of total organic 
phosphorus in soils Journal of Soil Science, 6, 254-267. 
Schärer, M., Stamm, C., Vollmer, T., Frossard, E., Oberson, A., Flühler, H. & Sinaj, S. 2007. Reducing 
phosphorus losses from over-fertilized grassland soils proves difficult in the short term. Soil 
Use and Management, 23, 154-164. 
Schofield, R. K. 1955. Can a precise meaning be given to "available" soil phosphorus? Soils and 
Fertilizers, 18, 373-376. 
Schroeder, P.D., Radcliffe, D.E., Cabrera, M.L. & Belew, C.D. 2004. Relationship between soil test 
phosphorus and phosphorus availability in runoff: Effects of soil series variability. Journal of 
Environmental Quality. 33, 1452-1463 
Schulte, R. P. O., Melland, A. R., Fenton, O., Herlihy, M., Richards, K. & Jordan, P. 2010. Modelling soil 
phosphorus decline: Expectations of Water Framework Directive policies. Environmental 
Science & Policy, 13, 472-484. 
Schwen,  A., Bodner, G., Scholl, P/, Buchan, G.D. & Loiskandl, W. 2011. Temporal dynamics of soil 
hydraulic properties and the water conducting porosity under different tillage. Soil and 
Tillage Research, 113, 89-98    
Scott, J. T. & Condron, L. M. 2005. Short term effects of radiata pine and selected pasture species on 
soil organic phosphorus mineralisation. Plant and Soil, 266, 153-163. 
Self-Davis, M. L., Moore Jr, P. A. & Joern, B. C. 2000. Determination of water- and/or dilute salt-
extractable phosphorus. In:  Methods of phosphorus analysis for soils, sediments, residuals 
 122 
and waters. (ed G. M. Pierzynski), Southern Cooperative Series North Carolina State 
University, Raleigh, NC., pp. 24-26. 
Shand, C. A., Williams, B. L., Smith, S. & Young, M. E. 2000. Temporal changes in C, P and N 
concentrations in soil solution following application of synthetic sheep urine to a soil under 
grass. Plant and Soil, 222, 1-13. 
Sharpley, A., Daniel, T. C., Sims, J. T. & Pote, D. H. 1996. Determining environmentally sound soil 
phosphorus levels. Journal of Soil and Water Conservation, 51, 160-160. 
Sharpley, A. N. 1983. Effect of soil properties on the kinetics of phosphorus desorption. Soil Science 
Society of America Journal, 47, 462-467. 
Sharpley, A. N. 1985. Depth of surface soil-runoff interaction as affected by rainfall, soil slope, and 
management. Soil Science Society of America Journal, 49, 1010-1015. 
Sharpley, A. N. 1995. Dependence of runoff phosphorus on extractable soil phosphorus. Journal of 
Environmental Quality, 24, 920-926. 
Sharpley, A. N. 2003. Soil mixing to decrease surface stratification of phosphorus in manured soils. 
Journal of Environmental Quality, 32, 1375-1384. 
Sharpley, A. N., Ahuja, L. R. & Menzel, R. G. 1981. The release of soil phosphorus to runoff in relation 
to the kinetics of desorption. Journal of Environmental Quality, 10, 386-391. 
Sharpley, A. N., Chapra, S. C., Wedepohl, R., Sims, J. T., Daniel, T. C. & Reddy, K. R. 1994. Managing 
agricultural phosphorus for protection of surface waters: Issues and options. Journal of 
Environmental Quality, 23, 437-451. 
Sharpley, A. N. & Smith, S. J. 1994. Wheat tillage and water quality in the Southern plains. Soil and 
Tillage Research, 30, 33-48. 
Shen, J., Yuan, L., Zhang, J., Li, H., Bai, Z., Chen, X., Zhang, W. & Zhang, F. 2011. Phosphorus dynamics: 
From soil to plant. Plant Physiology, 156, 997-1005. 
Shepherd, M. A., Hatch, D. J., Jarvis, S. C. & Bhogal, A. 2001. Nitrate leaching from reseeded pasture. 
Soil Use and Management, 17, 97-105. 
Shipitalo, M. J., Dick, W. A. & Edwards, W. M. 2000. Conservation tillage and macropore factors that 
affect water movement and the fate of chemicals. Soil and Tillage Research, 53, 167-183. 
Silva, R. G., Cameron, K. C., Di, H. J. & Hendry, T. 1999. A lysimeter study of the impact of cow urine, 
dairy shed euent, and nitrogen fertiliser on nitrate leaching. Soil Research, 37, 357-370. 
Simard, R. R., Beauchemin, S. & Haygarth, P. M. 2000. Potential for preferential pathways of 
phosphorus transport. Journal of Environmental Quality, 29, 97-105. 
Simpson, M., McLenaghen, R., Chirino-Valle, I. & Condron, L. 2012. Effects of long-term grassland 
management on the chemical nature and bioavailability of soil phosphorus. Biology and 
Fertility of Soils, 48, 607-611. 
 123 
Sims, J. T., Simard, R. R. & Joern, B. C. 1998. Phosphorus loss in agricultural drainage: Historical 
perspective and current research. Journal of Environmental Quality, 27, 277-293. 
Sinaj, S., Stamm, C., Toor, G. S., Condron, L. M., Hendry, T., Di, H. J., Cameron, K. C. & Frossard, E. 
2002. Phosphorus exchangeability and leaching losses from two grassland soils. Journal of 
Environmental Quality, 31, 319-330. 
Smet, J. D., Vanderdeelen, J. & Hofman, G. 1998. Effect of soil properties on the kinetics of phosphate 
release. Communications in Soil Science and Plant Analysis, 29, 2135-2147. 
Smith, K. A., Chalmers, A. G., Chambers, B. J. & Christie, P. 1998. Organic manure phosphorus 
accumulation, mobility and management. Soil Use and Management, 14, 154-159. 
Smith, L. C., Moss, R. A., Morton, J. D., Metherell, A. K. & Fraser, T. J. 2012. Pasture production from a 
long-term fertiliser trial under irrigation. New Zealand Journal of Agricultural Research, 55, 
105-117. 
Sommers, L. E. & Nelson, D. W. 1972. Determination of total phosphorus in soils: A rapid perchloric 
acid digestion procedure. Soil Science Society of America Journal, 36, 902-904. 
Stroia, C., Morel, C. & Jouany, C. 2007. Dynamics of diffusive soil phosphorus in two grassland 
experiments determined both in field and laboratory conditions. Agriculture, Ecosystems & 
Environment, 119, 60-74. 
Tabatabai, M. A. 1994. Soil enzymes. In:  Methods of Soil Analysis Part 2: Microbiological and 
Biological Properties. eds R. W. Weaver, S. Angle, P. Bottomley, D. Bezdicek, S. Smith & M. A. 
Tabatabai), Soil Science Society of America, Madison, WI, pp. 775-833. 
Tissen, H. & Moir, J. O. 2008. Characterisation of available P by sequential extraction. In:  Soil 
Sampling and Methods of Analysis. eds M. R. Carter & E. G. Gregorich), CRC, Boca Raton, pp. 
293-306. 
Torbert, H. A., Daniel, T. C., Lemunyon, J. L. & Jones, R. M. 2002. Relationship of soil test phosphorus 
and sampling depth to runoff phosphorus in calcareous and noncalcareous Soils. Journal of 
Environmental Quality, 31, 1380-1387. 
Turner, B. L., Cade-Menun, B. J. & Westermann, D. T. 2003. Organic phosphorus composition and 
potential bioavailability in semi-arid arable soils of the Western United States. Soil Science 
Society of America Journal, 67, 1168-1179. 
Turner, B. L. & Haygarth, P. M. 2000. Phosphorus forms and concentrations in leachate under four 
grassland soil types. Soil Science Society of America Journal, 64, 1090-1099. 
Turner, B. L., McKelvie, I. D. & Haygarth, P. M. 2002. Characterisation of water-extractable soil 
organic phosphorus by phosphatase hydrolysis. Soil Biology and Biochemistry, 34, 27-35. 
van der Salm, C., Chardon, W. J., Koopmans, G. F., van Middelkoop, J. C. & Ehlert, P. A. I. 2009. 
Phytoextraction of phosphorus-enriched grassland soils Journal of Environmental Quality, 38, 
751-761. 
 124 
van der Zee, S. E. A. T. M., Gjaltema, A., van Riemsdijk, W. H. & de Haan, F. A. M. 1992. Simulation of 
phosphate transport in soil columns. II. Simulation results. Geoderma, 52, 111-132. 
Van Vuuren, D. P., Bouwman, A. F. & Beusen, A. H. W. 2010. Phosphorus demand for the 1970–2100 
period: A scenario analysis of resource depletion. Global Environmental Change, 20, 428-439. 
Vance, E. D., Brookes, P. C. & Jenkinson, D. S. 1987. An extraction method for measuring soil 
microbial biomass C. Soil Biology and Biochemistry, 19, 703-707. 
Vu, D. T., Armstrong, R. D., Newton, P. J. & Tang, C. 2011. Long-term changes in phosphorus fractions 
in growers’ paddocks in the northern Victorian grain belt. Nutrient Cycling in 
Agroecosystems, 89, 351-362. 
Vu, D. T., Tang, C. & Armstrong, R. D. 2009. Tillage system affects phosphorus form and depth 
distribution in three contrasting Victorian soils. Soil Research, 47, 33-45. 
Vu, D. T., Tang, C. & Armstrong, R. D. 2010. Transformations and availability of phosphorus in three 
contrasting soil types from native and farming systems: A study using fractionation and 
isotopic labeling techniques. Journal of Soils and Sediments, 10, 18-29. 
Wall, D. P., Jordan, P., Melland, A. R., Mellander, P. E., Mechan, S. & Shortle, G. 2013. Forecasting the 
decline of excess soil phosphorus in agricultural catchments. Soil Use and Management, 29, 
147-154. 
Wang, J. B., Chen, Z. H., Chen, L. J., Zhu, A. N. & Wu, Z. J. 2011. Surface soil phosphorus and 
phosphatase activities affected by tillage and crop residue input amounts. Plant, Soil and 
Environment, 57, 251-257. 
Watanabe, F. S. & Olsen, S. R. 1965. Test of an ascorbic acid method for determining phosphorus in 
water and NaHCO3 extracts from soil. Soil Science Society of America Journal, 29, 677-678. 
Webley, D. M. & Jones, D. 1971. Biological transformation of microbial residues in soil. In:  Soil 
Biochemistry. eds A. D. McLaren & J. Skujins), Marcel Dekker, New York, pp. 446-485. 
Wheeler, D. M., Ledgard, S. F., de Klein, C. A. M., Monaghan, R. M., Carey, P. L., McDowell, R. W. & 
Johns, K. L. 2003. OVERSEER® nutrient budgets – moving towards on-farm resource 
accounting. Proceedings of the New Zealand Grassland Association, 65, 191-194. 
Wheeler, D. M., Sparling, G. P. & Roberts, A. H. C. 2004. Trends in some soil test data over a 14 year 
period in New Zealand. New Zealand Journal of Agricultural Research, 47, 155-166. 
Whitmore, A. P., Bradbury, N. J. & Johnson, P. A. 1992. Potential contribution of ploughed grassland 
to nitrate leaching. Agriculture, Ecosystems & Environment, 39, 221-233. 
Whitton, B. A., Grainger, S. L. J., Hawley, G. R. W. & Simon, J. W. 1991. Cell-bound and extracellular 
phosphatase activities of cyanobacterial isolates. Microbial Ecology, 21, 85-98. 
Withers, P. J. A., Hartikainen, H., Barberis, E., Flynn, N. J. & Warren, G. P. 2009. The effect of soil 
phosphorus on particulate phosphorus in land runoff. European Journal of Soil Science, 60, 
994-1004. 
 125 
Zhang, T. Q., MacKenzie, A. F., Liang, B. C. & Drury, C. F. 2004. Soil test phosphorus and phosphorus 
fractions with long-term phosphorus addition and depletion. Soil Science Society of America 
Journal, 68, 519-528. 
 
 
 
